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Pervaporation is a promising technique for ethanol purification from fermentation broths. 
However, it is still challenging to achieve a robust pervaporation membrane with good 
separation performance. Therefore, in this study, a comprehensive study on synthesis, 
fabrication and pervaporation performance of newly developed membranes for ethanol 
recovery and dehydration was conducted. Many analytical techniques such as SEM, FTIR, 
XRD, XPS, TGA, PALS, UV, DSC, contact angle measurement, mechanical strength 
measurement and sorption tests were used to characterize membrane properties and 
pervaporation performance. 
 
Firstly, a novel molecular-level mixed matrix membrane (MMM) made of polyether-block-
amide/polyhedral oligosilsesquioxane (Pebax/POSS) was developed for ethanol recovery. 
Because of the molecular-level interaction between POSS and polymeric matrix, the 
resultant MMMs overcame the trade-off between permeation flux and separation factor. 
The effects of feed components and temperature on membrane performance were also 
investigated. The changes in driving force, cluster formation, membrane swelling and 
interaction among permeating molecules played essential roles for these observed trends. 
 
Secondly, a novel polyimide, copoly(1,5- naphthalene/3,5-benzoic acid-2,2'-bis(3,4-
dicarboxyphenyl) hexafluoropropanedimide (6FDA-NDA/DABA) was synthesized and 
modified via three various cross-linking modifications - thermal, diamino and diol cross-





membranes were in the order of: thermally treated diamino cross-linked membrane > 
thermally cross-linked membrane > diol cross-linked membrane, and the fluxes were in the 
opposite order. The d-space values, the membrane hydrophilicity and the formation of 
CTCs were important factors for the resultant membrane performance. These cross-linked 
membranes exhibited impressive fluxes and good separation factors in comparison with 
other polymeric membranes in the literature, and possessed a good mechanical strength for 
processability.  
 
Thirdly, a dual-layer hollow fiber membrane consisting of (6FDA-NDA/DABA)/POSS as 
the outer functional layer and Ultem® as the inner support layer was developed for ethanol 
hydration. A desirable morphology for a superior pervaporation performance (a flux of 1.9 
kg/m2h and a separation factor of 166) was obtained by optimizing spinning conditions. 
The diffusion mechanism of permeating molecules through polymer chains containing 
POSS nanoparticles was proposed. This mechanism successfully proved the preeminent 
properties of POSS when incorporated at a small amount into the selective layer.  
 
Lastly, a miscible polymer blend of polyimide 6FDA-NDA/DABA (PI) and its sulfonated 
polyimide (SPI) was investigated as a water-selective layer to develop dual-layer hollow 
fiber membranes for ethanol dehydration. The resultant membranes had excellent fluxes but 
sacrificed separation factors. Three different post-treatment methods - thermal treatment, 
silicone coating and POSS modification, were explored to further enhance performance. 





methods were proved to be an efficient way to restrict membrane swelling and improve the 
selectivity of the fibers. 
 
In conclusion, this study has demonstrated the potential of membrane pervaporation 
process for biofuel purification. It may provide a useful database and a powerful roadmap 
for material synthesis, membrane fabrication and modifications for ethanol-water 
separations via pervaporation. Also, it may open up a new perspective for the development 








A : effective area of the membrane (m2) 
CNaOH : the molar concentration of the NaOH solution (N) 
D : diffusion coefficient (cm2/s) 
d : intersegmental spacing (Ǻ) 
E : incident positron energy (keV) 
E : cohesive energy (J) 
ED : activation energy of diffusion (kJ/mol) 
EJ : activation energy of flux (kJ/mol) 
EP : activation energy of permeability (kJ/mol) 
fv : fractional free volume (%) 
∆HS : enthalpy of dissolution (kJ/mol) 
I : positron intensity (%) 
J : total permeation flux (g/m2·h) 
Jo : preexponential factor of permeation rate (g/m2·h) 
l : membrane thickness (µm) 
n : integer 
Mt : sample weight at the time t (mg) 
M∞ : sample weight at the equilibrium (mg) 
mo : weight of dry membrane (g) 
ms : weight of swollen membrane (g) 






p : permeate pressure (kPa) 
p
sat : saturated vapor pressure (kPa) 
P : membrane permeability (g/m·h·kPa) 
Po : preexponential factor of permeability (g/m·h·kPa) 
Q : total mass of the permeate (g) 
R : universal gas constant (kJ/kmol·K) 
R : mean free volume radius (Ǻ) 
∆R : empirical parameter (Ǻ) 
r : roughness ratio 
V : molar volume (cm3) 
VNaOH : the titrated volume of the NaOH solution (ml)  
t : operating time (h) 
T : temperature (K) 
Tg : glass transition temperature (oC) 
xw : weight fraction of component in feed (wt.%) 
xn : mole fraction of component in feed (mole%) 
Wdry : the weight of the dry polymer (g) 
w1 : original weight of the cross-linked polymer film (g) 
w2 : insoluble fraction weight (g) 
yw : weight fraction of component in permeate (wt.%) 
yn : mole fraction of component in permeate (mole%) 







α : separation factor 
αR : relaxation constant 
β : membrane selectivity 
γ : activity coefficient 
δ : solubility parameter (MPa1/2) 
λ : X-ray radiation wavelength (nm) 
θ : X-ray diffraction angle (o) 
θW : observed contact angle on a rough surface (o) 
θY : contact angle on a smooth surface (o) 
ρ : density of the polymer material (g/cm3) 
τ : positron lifetime (ns) 




6FDA : 2,2’-bis(3,4’-dicarboxyphenyl) hexafluoropropane dianhydride 
ACAR : angular correlation of annihilation radiation 
Alg : alginate 
AMOC : aged momentum correlation 
AFM : atomic force microscopy 
APTEOS : γ-aminopropyltriethoxysilane 





BDM : 1,4-benzenedimethanol 
BHTDA : 3,3’,4,4’-benzhydrol tetracarboxylic dianhydride 
CD : cyclodextrin 
CFD : constant fraction discriminator 
CS : chitosan 
CTC : charge transfer complex 
CP : carbopol 
DABA : 3,5-diaminobenzoic acid 
DBAPB : 2,2’-dimethyl-4,4’-bis(4-aminophenoxy)biphenyl 
DBES : doppler broadening energy spectra  
DSC : differential scanning calorimetry  
EDA : ethylenediamine 
EG : ethylene glycol 
FESEM : field emission scanning electron microscope 
FTIR : fourier transform infrared spectroscopy 
HEC : hydroxyethylcellulose 
IEC : Ion-exchange capacity 
MCA : multi channel analyzer 
MMM : mixed matrix membrane 
MTBE : methyl tert butyl ether 
NDA : naphthalene diamine 
NMP : N-methyl-pyrrolidone 





ODA : 4,4’-diaminodiphenylether 
ODMS : α,ω-(3-bisaminopropyl) oligodimethyl siloxane 
PA : polyamide 
PAA : poly(acrylic acid) 
PAAM : polyacrylamide 
PAL : positron annihilation lifetime  
PALS : positron annihilation lifetime spectroscopy 
PAN : polyacrylonitrile 
PASA : poly(amide-sulfonamides) 
PDMS : polydimethylsiloxane 
PE : polyether 
Pebax : poly(ether-block-amide) 
PEG : poly(ethylene glycol) 
PEI : polyetherimide 
PESF : polyethersulfone 
PMDA : 1,2,4,5-benzenetetracarboxylic dianhydride 
POSS : polyhedral oligosilsesquioxane 
PSF : polysulfone 
PSS : poly(sulfonated styrene) 
PSStSA-co-MA : poly(sodium salt styrene sulfonic acid-co-maleic acid) 
PTFE : polytetrafluoroethylene 
PTMSP : poly[1-(trimethylsilyl)-1-propyne] 





PVA : poly(vinyl alcohol) 
SEM : scanning electron microscopy 
SEM-EDX : scanning electron microscope- energy-dispersive X-ray spectroscopy 
SSA : sulfosuccinic acid 
TAC : time to amplitude converter 
TGA : thermogravimetric analysis 
THF : tetrahydrofurane 
TMVS : trimethoxyvinylsilane 
VOC : volatile organic compound 
XDA : p-xylenediamine 
XPS : X-ray photoelectron spectroscopy 
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1 CHAPTER ONE 
INTRODUCTION 
 
Energy is one of the major global issues due to the escalating demand but depleting 
supplies of conventional nonrenewable resources, i.e. fossil fuels. It is reported that our 
world will face the exhaustion of petroleum within 50 years, natural gas within 65 years 
and coal in about 200 years at the current speed of consumption [1]. Moreover, the usage of 
these fossil fuels brings about severe environmental consequences such as greenhouse gas 
emissions, air pollution, acid rain, etc. As a result, there is a constant search for sustainable 
alternative renewable energy resources to reduce the world’s dependence on fossil fuels and 
alleviate the negative environmental impact, such as hydraulic energy, solar energy, wind 
energy, tidal energy, geothermal energy and biofuels (i.e. fuels which are produced from 
biomass). Among these alternative energy resources, liquid biofuels such as bioalcohol and 
biodiesel have the most practical application due to theirs advantages of storage and 
transport as well as convenience in use, especially for mobile applications, such as 
transportation. Comparing to biodiesel, bioalcohol has attracted a greater attention due to 
the higher yield of the agricultural crops from which it is produced per hectare. Application 
of bioalcohol into gasoline engines began in the first half of the 20th century and grows 
promptly in USA, Brazil, China and Europe. The alcohols used for motor fuels are 
methanol, ethanol, propanol and butanol. However, only ethanol is economically and 
physicochemcially suitable as a fuel for internal combustion engines and it is the most 






Bioethanol is generally produced from the digestion of lignocellulosic biomass by enzymes 
to release the stored sugars, followed by fermentation process using microorganisms. The 
resultant fermentation broth typically contains ethanol (1-5 %), water (main impurity, 95-
99 %) and other by-products, depending on the type of biomass used as raw materials and 
microorganisms. The key challenge associated with the production and practical application 
of bioethanol is the availability of efficient separation and purification techniques for 
ethanol-water mixtures, which typically accounts for at least 40% (up to 80%) of the total 
process cost [2]. Despite the array of separation technologies that can be used to process 
fermentation broths, distillation remains the dominant purification technique. Nevertheless, 
distillation has its limitations in the purification of ethanol from fermentation broths. Firstly, 
ethanol-water mixtures will form azeotropes at a certain composition and hence a simple 
distillation is inadequate for the separation of azeotropic mixtures. Secondly, the inherently 
economic benefit of distillation process at a large scale is eliminated for small biorefineries 
which are applied for bioethanol production from biomass derived from lignocellulosic 
waste. Thirdly, distillation process is limited in the batch-mode operation, which is 
undesirable for fermentation broth separation because the final product ethanol requires a 
constant removal to avoid its inhibition towards microorganisms. Consequently, many 
alternative techniques are searched to replace distillation process such as adsorption, liquid-
liquid extraction, perstraction, gas stripping and pervaporation which are able to integrate 
into a fermentation system in a continuous mode [3]. Among these alternative processes, 
membrane pervaporation is the most appropriate method in terms of separation efficiency 
and economic benefit. Therefore, this project will focus on application of pervaporation 






1.1 Membrane pervaporation and its historical development 
 
Pervaporation is a membrane-based separation technique for liquid/liquid mixtures. The 
term of pervaporation is a combination of two steps, namely permeation and evaporation in 
one unique process, where a membrane acts as a permselective barrier between two phases, 
the liquid phase (the feed) and the vapor phase (the permeate). The schematic diagram of 
the pervaporation process is depicted in Figure 1.1. In this process, the liquid feed 
containing two or more miscible liquid components is in contact with one side of the 
permselective membrane which preferably allows the permeation of one component in the 
feed. The permeate on the other side of the membrane is enriched with this component and 
collected in the vapor phase. 
 
Figure  1.1 Schematic diagram of pervaporation process  
 
The origin of pervaporation concept can be traced to the 19th century when Kahlenberg first 
observed the phenomenon that a liquid can evaporate through a tight dense polymeric sheet, 
i.e. a membrane in 1906 [4]. However, Kober was the first to realize the potential of this 





using a membrane and introduced the term “pervaporation” in his paper published in 1917 
to describe the process where one liquid component penetrates selectively through a dense 
membrane, driven by the gradient in chemical potential (partial pressure), leaves the 
membrane as a vapor and is collected in a condensed form as a liquid [5]. In the years after 
Kober’s publication, a few papers on describing membranes and processes for 
pervaporation were published. For example, Farber used pervaporation technique to 
separate and concentrate protein and enzyme solutions in 1935 [6], Schwob studied 
pervaporation dehydration of aqueous alcohol solutions through a thin cellulose film in 
1950 [7] and then Heisler et al investigated a quantitative study on pervaporation separation 
by cellulose films for aqueous ethanol solutions in 1956 [8]. However, these investigations 
were limited in laboratories without any efforts to look for practical applications. This was 
mainly due to the lack in in-depth understanding of pervaporation process and absence of 
suitable membrane materials. 
 
Later on during the years between 1958 and 1962, a considerable effort in industrial 
research for effective membranes to introduce pervaporation into industrial separation 
systems was devoted by Binning and coworkers at American Oil Company [9-12]. Their 
interest focused on separation of hydrocarbon isomers using homogeneous dense 
membranes made of natural and synthetic rubbers, cellulose-based polymers and 
polyolefines. Although a number of patents were issued, none of these membranes could be 
applied in practical industrial processes due to the insufficient permeation flux and 
selectivity of dense membranes. After that in the early 1970s, with the development of 
integral asymmetric membranes for desalination of saline water, a few academic 





breakthrough was only achieved in 1982 when a small German company, GFT 
(Gesellschaft für Trennverfahren) successfully developed and introduced a first 
pervaporation membrane effective for removal of water from organic liquid mixtures on an 
industrial scale into the market [15-16]. Afterwards, more than 200 small plants have been 
installed by GFT [17]. Most of these plants were operated to remove water from ethanol 
and isopropanol streams produced in the pharmaceutical and fine chemicals industries.  
In the last 10 years, a much greater potential application of pervaporation dehydration has 
emerged and that is dehydration of fuel bioethanol. The annual worldwide production yield 
of fuel bioethanol is approximately 23 billion gal/year (2010) including 13 billion gal/year 
in USA mostly from corn, 8 billion gal/year in Brazil from sugarcane and approximately 2 
billion gal/year elsewhere from other crops [18]. Basically, all of the existing bioethanol 
production plants employed a combination of distillation and molecular sieve drying to 
separate and purify ethanol from aqueous mixtures and replacement of the current 
separation system by the advanced membrane-based separation process requires costly 
investments and hence is impractical. Fortunately, membrane producers will have another 
chance to apply their advanced technology into industries when the next generation of the 
plants producing bioethanol from cellulose-based biomass comes online. It is estimated that 
more than 500 of these plants will be needed in USA if the Department of Energy’s 
Biofuels program wants to meet its 2022’s target [18]. Additional plants will probably be 
built in Brazil and elsewhere. 
 
In company with the development of dehydration pervaporation applied for the removal of 
water organic mixtures, which is now accepted as a state-of-the-art technology, 





from waste water and the recovery of valuable organic compounds from waste streams 
have attracted a great interest of membrane scientists. This technology was numerously 
developed by MRT (Membrane Technology and Research) [19-22]. The first commercial 
membrane for organic removal was produced in 1988 and its first commercial plant was 
built by MRT in 1996. In addition, pervaporation process has also been studied and 
developed for the separation of organic/organic mixtures and many pilot plants of these 
separation processes have also been built by Separex [23-24] and Exxon [25-27]. A 
timeline describing some of key milestones in the development of pervaporation is depicted 
in Fig. 1.2. 
 
Figure  1.2 Scientific milestones in the development of pervaporation  
 
1.2 Industrial applications of pervaporation process 
 
The three current applications of pervaporation are: 1) dehydration of alcohols and other 





mixtures. At the present, only dehydration process of solvents, in particular ethanol and 
isopropanol, is installed on a large scale. However, as the membrane science and 
technology develop, other applications are expected to be mature. Table 1.1 lists the 
potential liquid separations which require scientific and technological breakthroughs for 
practical applications and some current separations which have been operated with 
commercially available pervaporation membranes. Some manufacturers of pervaporation 
membranes, module design and their applications are mentioned in Table 1.2 [28]. 
1.2.1  Dehydration of alcohols and other organic solvents 
 
Among the abovementioned applications, pervaporation dehydration of alcohols and 
solvents is dominant and used widely in the large-scale industries, especially dehydration of 
ethanol to produce fuel ethanol from fermentation broths. Several hundred plants have been 
built for this purpose. This is a particularly favorable application of pervaporation because 
simple distillation does not work well for the separation of ethanol from aqueous solutions 
when ethanol forms an azeotrope with water at 95%. Since the final product requires a high 
degree of purity (> 99.5%), another additional technique, i.e. molecular sieve drying, is 
combined to further concentrate ethanol solutions. However, this process is expensive. 
Meanwhile, the availability of extremely water-selective pervaporation membranes allows 
the integration of pervaporation process into separation systems to produce almost pure 
ethanol (> 99.9%) with higher cost efficiency. A flow scheme for a basic hybrid 
distillation–pervaporation plant operating on a 5% ethanol feed from a fermentation mash 
is shown in Fig. 1.3 [18]. Besides the application of ethanol dehydration, separation 





isopropanol used in pharmaceutical and electric industries. Dehydration of other solvents, 
including glycols, acetone and methylene chloride, is also gradually growing.  
 
Table  1.1 Potential and existing liquid separations using pervaporation process  
 Solvent dehydration  Removal of organics from 
aqueous solutions  





       Ethanol 
       Isopropanol  
       Butanol  
 Alcohols (biofuels)  •  Polar/non-polar: 
       Methanol/toluene, Methanol/benzene 
       Methanol/cyclohexane, Ethanol/benzene 
       Ethanol/toluene, Isopropanol/toluene 
       Methanol/methyl ester or ether 
       Ethanol/ethyl ether  
 Acids   Aromas  •  Aromatic/Aliphatic 
       Benzene/n-heptane, Benzene/n-hexane 
       Toluene/n-hexane, Toluene/isooctane 
       Styrene/ethyl benzene  
 Esters   Methylene dichloride  •  Aromatic/Alicyclic  
       Benzene/cyclohexane, Toluene/cyclohexane  
 Ethers   Tetrachloroethylene  •  Isomeric 
       Xylenes, C4-C8 alkanes, C3-C4 alcohols  
 Tetrahydrofuran   Trichloroethylene  •  Others: 
      Carboxylic acid/ester/methanol  
       Methanol/acetone 
       Dimethyl carbonate/methanol 
       Methanol/carbon tetrachloride 
       Ethylacetate/carbon tetrachloride 
       Acetonitrile/carbon tetrachloride  
 Ketones  
       Acetone  
 Phenol  
 Others: 
       Dimethyl acetyl 
       Phenol 
       Ethylene glycol 
       
Methylisobutylketone  
       Triethylamine  
A
vailable 
 Ethanol, Isopropanol   Tetrachloroethylene recovery in 
a dry-clean unit  
•  Methyl/methyl ester or methyl ethyl ether (e.g. 
Methyl tert butyl ether (MTBE))  
 Esters, ethers, 
triethylamine  






Table  1.2 Industrial suppliers of pervaporation system   
Company  Application  Membrane  Module design  
Gesellschaft fur 
Trenntechnik (GFT)  
Solvent dehydration  Crosslinked poly(vinyl 
alcohol) (PVA) composite 
membranes  
Plate and frame  
Lurgl  Solvent dehydration GFT PVA membranes  Plate and frame 
British Petroleum 
(Kalsep)  
Solvent dehydration Composite membranes based 
on ion exchange polymers  
Tubular, plate and 
frame  
Membrane Technology & 
Research (MTR)  
Solvent recovery especially 
volatile organic compunds  
Composite membranes  Spiral wound  
Air products (Separex)  Organic/organic separation, 
i.e., methanol/MTBE  
Cellulose acetate membranes  Spiral wound 
Texaco  Solvent dehydration, i.e., 
ethylene glycol, isopropanol  
Organic/organic separation  
Composite membranes  Plate and frame 
 
 






1.2.2  Removal or recovery of volatile organic compounds (VOCs) from water 
 
Removal or recovery of VOCs from water is another popular application of pervaporation. 
If the aqueous is very dilute, removal of VOCs is required to meet the pollution control 
policy. However, if the stream contains more than 1-2% VOCs, recovery of these 
components for eventual reuse will add additional economic benefit to the whole process. 
Several types of membrane, mostly made from rubbery polymers such as silicone rubber, 
polybutadiene, natural rubber, and polyamide-polyether copolymers, have been used to 
separate VOCs from water and discussed in details in the literature. However, 
commercialization of pervaporation for VOC removal/recovery has been slower than many 
predicted. In fact, only few plants have been built. The first remarkable application is 
recovery of flavor elements (a complex mixture of alcohols, esters and ketones) from 
aqueous condensate streams generated in the production of concentrated fruit juice or 
tomato paste in the food industry [29]. These flavor elements are heat labile and hence 
unable to be recovered by steam distillation. Another potential pervaporation is removal of 
VOCs from waste water which allows the water to be discharged to the sewer, and 
concentration of VOCs into a small-volume stream which can be subsequently sent to a 
hazardous waste treatment system [22]. 
1.2.3 Separation of organic/organic mixtures 
 
The third type of application for pervaporation is separation of organic/organic mixtures. 
This technology is used to replace familiar distillation process in breaking the azeotropic 
mixtures or removing a single-component, high-purity side stream from a multicomponent 





organic/organic separation, but often combined with distillation in a hybrid process. 
Besides two abovementioned purposes, pervaporation can also unload distillation in a 
hybrid process and hence reducing energy consumption and operating cost. In general, the 
commercial development of pervaporation for organic/organic separations is still restricted 
by the lack of suitable membranes and modules able to withstand long-term exposure to 
harsh organic solutions at the elevated temperatures required for pervaporation. However, 
these problems are not insurmountable. Using the success of pervaporation process for the 
separation of methanol from an isobutene/MTBE mixture in MTBE production industries 
as an example, two alternative ways of integrating the pervaporation process into a 
complete production system are illustrated in Fig. 1.4. This process was first developed by 
Separex and then also studied by Sulzer (GFT) [24, 30]. Recently, Sulzer and Grace [31-
32], and ExxonMobil [33] have applied pervaporation process to separate sulfur 
compounds from various refinery streams. 
1.2.4  Commercial pervaporation membranes 
 
At present, commercially available pervaporation membranes are still limited in the world, 
as summarized in Table 1.3 [34]. For the current market of pervaporation dehydration, 
PVA-based membranes are dominant while polyimide membranes have also attracted a 
certain investment. Besides these polymeric membranes, ceramic membranes and organic-
inorganic hybrid membranes are gradually developing and show their potential in 
pervaporation application, which may replace the leading position of polymeric membranes 
in the market if their production cost can be further lowered by optimizing their synthesis 
routes. In the case of organophilic membranes for pervaporation recovery, so far only 





addition, some ceramic membranes are also in the benchmarks. The commercialization of 
organoselective membranes for organic/organic separations is very limited. Typical 




Figure  1.4 Methods of integrating pervaporation membranes in the recovery of methanol 






Table  1.3 Some commercial membranes for pervaporation applications 
Membrane  Company  Application  
Cross-linked PVA membranes  CM-Celfa AG, Switerland  Solvent dehydration 
Ceramic silica-based membranes  Pervatech BV, Netherlands  Ethanol dehydration 
Zeolite membranes  Omniatiex Impianti Chimici, Italy  Solvent dehydration  
NaA ceramic membranes  Jiangsu Jiuwu Hi-Tech, China  Solvent dehydration 
NaA zeolite membranes  Mitsui, Japan  Ethanol dehydration  
NaA zeolite membranes  Inocermic GmbH, Germany  Ethanol dehydration  
SiftekTM polyimide hollow fiber  Vaperma, Canada  Ethanol dehydration  
ZeoSep A membranes  I3 Nanotec LLC, USA  Ethanol dehydration  
Aromatic polyimide membranes  UBE America, USA  Solvent dehydration  
HybSi® organic-inorganic hybrid 
silica-based membranes  
ECN Energy research center of the 
Netherlands, Netherlands  
Solvent dehydration 
Cross-linked PDMS membranes  Membrane Technology and 
Research, USA  
Solvent recovery 
PDMS-based membranes  Solsep BV, Netherlands  Solvent recovery 
GKSS membranes  GKSS, Germany  Solvent dehydration and recovery 
Ceramic membranes  IBMEM Industrial Biotech 
Membranes, Germany  
Ethanol dehydration and solvent 
recovery  
Organic and inorganic membranes Kühni AG, Switzerland Solvent dehydration and recovery  
PERVAP® membranes  Sulzer Chemtech, Switerland  Solvent dehydration and recovery, 
organic/organic separation  
 
1.3  Membrane pervaporation for biofuel (bioethanol) separation 
1.3.1  Integration of pervaporation into biorefinery system 
 
As discussed in the early part of this section, the ethanol separation process from 
fermentation broths in biorefinery systems may require the exploration of new technologies 





can be used in practice to combine with the fermentation system. They are stripping, 
adsorption, liquid-liquid extraction, pervaporation and membrane solvent extraction. A 
qualitative comparison among these technologies is shown in Table 1.4 in terms of product 
capacity, selectivity, fouling issue and ease of operation. It can be seen that extraction and 
pervaporation have higher potential than other techniques. The liquid-liquid extraction has 
the advantages of high selectivity and ability to be assembled into the fermentor. However, 
fouling and emulsion formation tend to occur heavily during operation, which causes 
technical problems as well as declines separation efficiency. Furthermore, there is a 
dilemma of selecting suitable solvents which both possess high selectivity and no toxicity 
towards microorganisms. Meanwhile, although pervaporation process cannot be integrated 
inside the fermentor, it has the advantages of low fouling and ease of operation. In addition, 
pervaporation technique is able to possess a good selectivity and productivity if suitable 
membrane materials and modules are chosen. Therefore, it is worthwhile to search 
excellent membranes for the application of pervaporation into biofuel separation. 
 
Table  1.4 Qualitative comparison of in situ solvent recovery technologies [34] 
 Stripping Adsorption Extraction Pervaporation Perstraction 
Capacity  Moderate Low High Moderate Low 
Selectivity  Low Low High Moderate High 
Fouling  Low High Moderate Low Low 
Ease of operation  High Low Low High High 
 
The in situ biorefinery system typically requires more than one separation unit. The 





efficient process. Two main pervaporation hybrid combinations have been applied. The 
first is the distillation-pervaporation process, where the distillation can perform well in the 
first stage to concentrate ethanol solution to a certain concentration (~80%), followed by 
one or two stages of pervaporation dehydration [18, 35]. The 1st-stage pervaporation is used 
to break the azeotropic mixture with a high flux and relatively low selectivity membrane to 
achieve ethanol with 95% purity while the 2nd-stage pervaporation is employed to further 
purify ethanol to 99.8% by using a membrane with a low flux but high selectivity. If only 
one pervaporation unit is installed, the membrane requires both high flux and selectivity 
properties. The demonstration of this hybrid system is described in Figure 1.5. The 
incorporation of pervaporation units with distillation process is claimed to reduce the 
number of trays in the distillation column and hence simplify the column design. In 
addition, energy consumption as well as operation cost also are cut down, which can 
compensate for the high investment cost of this hybrid process. 
 






Alternatively, ethanol separation via two recovery-dehydration stages of pervaporation 
units has also been employed. The first unit withdraws ethanol from the feed to permeate 
and create a mixture of 40% ethanol in the permeate side by using an ideal ethanol-
selective membrane while the second unit further dehydrates the permeate obtained from 
the first stage to the final product with high purity. In order to improve the efficiency of 
ethanol purification, a dephlegmator is often incorporated in the middle of the recovery and 
dehydration pervaporation units. The so-called dephlegmator is essentially a fractional 
condenser to cool the vapor mixture from the first pervaporation unit and provide ethanol-
enriched condensate (90%) for the second pervaporation unit. Since the permeate of the 
first stage is transferred from the vapor phase to liquid phase by the dephlegmator, no 
reboiler is required in this system. The schematic diagram of ethanol purification via the 
dual recovery-dehydration pervaporation with the aid of a dephlegmator is represented in 
Fig. 1.6 [18]. This system design is more promising than the conventional distillation 
process since lower total energy consumption is required to separate and purify ethanol 
with very low concentrations (~ 1%) from fermentation broths. 
 
Figure  1.6 Dual recovery-dehydration pervaporation system for ethanol recovery with the 





In summary, the feasibility and prospect of pervaporation for ethanol purification have been 
demonstrated in this section. The use of pervaporation-integrated hybrid systems with the 
cost- and energy-effectiveness further strengthens the potential of membrane technology in 
ethanol separation. The importance of pervaporation process is therefore determined and 
has motivated the ongoing development of pervaporation membranes with suitable 
physicochemical properties. The next section will give some guidelines for the design of 
membrane materials for ethanol purification and a review on pervaporation membranes 
studied so far. 
1.3.2  Guidelines for the design of membrane materials for ethanol purification 
 
Membrane materials are basically classified into two categories: organic (polymeric) and 
inorganic materials. Besides, the so-called mixed matrix membranes which are the 
combination of inorganic particles and polymeric matrix have also been developed broadly. 
However, the core principles for the design of pervaporation membranes made of different 
materials are similar, which involve the transport of molecules via the solution-diffusion 
mechanism. The pervaporation membrane materials are essentially synthesized or 
developed in a way to achieve excellent sorption and diffusion selectivity, i.e., high flux 
and separation factor. For ethanol purification, two major processes are ethanol recovery 
and ethanol dehydration.  
 
In ethanol recovery, the preferential transport of ethanol molecules across the membranes is 
required and hence superior hydrophobic, in another word, organophilic materials are ideal. 
In the case of polymeric membranes, hydrophobic rubbery polymers are good candidates 





their inherent hydrophobicity and polymer chain flexibility, respectively. Among inorganic 
materials, similarly, highly hydrophobic zeolite membranes such as silicalite-1, Ge-ZSM-5 
and β-type are selected for the separation of the organic compound, i.e. ethanol, from water. 
Different from polymeric membranes, however, the separation of inorganic membranes for 
ethanol recovery is only based on the preferential adsorption of ethanol into the membranes 
(i.e. high solution selectivity) while diffusion favors water permeation (i.e. undesirable 
diffusion selectivity) because the pore size of the inorganic membranes is not flexible and 
hence favorable for the smaller molecules, i.e. water. 
 
On the other hand, the ideal materials to tailor polymeric membranes for ethanol 
dehydration are polymers with high chain rigidity and water-affinitive functional groups 
(e.g., hydrogen bonds or ion-dipole interactions). The stiffness of the polymer chains 
increases the size sieving ability of the membranes (diffusion selectivity) while polymer-
water interaction enhances water adsorption (solution selectivity). In addition, the 
phenomenon of solvent-induced swelling must be considered and restricted in the design of 
polymers for dehydration membranes since it typically reduces the diffusivity selectivity of 
the membranes.  Meanwhile, type-A zeolite materials are nearly ideally suited inorganic 
membranes for ethanol dehydration since they are highly hydrophilic and their pore size 
(0.4 nm) is smaller than ethanol (0.46 nm) but larger than water (0.32 nm). Unlike 
polymeric materials, zeolite membranes do not swell under the feed of ethanol and water. 







1.3.3 Pervaporation membranes for ethanol recovery  
 
Many membrane researchers have studied on pervaporation membranes for recovery of 
ethanol from aqueous solutions. Only those membrane materials with leading properties 
will be mentioned in this section. 
 
The most abundantly studied material for pervaporation recovery is poly(dimethylsiloxane) 
(PDMS). PDMS, as so-called silicone rubber, is an elastomeric material which can be used 
to fabricate unsupported sheet, thin layer supported sheet, tubular or hollow fiber 
membranes. The separation performance of PDMS membranes reported from literatures is 
summarized in Table 1.5 [36-45]. As seen in Table 1.5, the separation factors of PDMS 
membranes for ethanol recovery are from 4 to 15. The broad range of achieved data arises 
from various factors including polymer materials (although called “PDMS”, there are often 
differences in chemical structure), film casting methods, cross-linking density, thickness of 
the selective layer and testing conditions. In order to improve the ethanol/water separation 
properties, many researchers have carried out modification of PDMS membranes and the 
encouraging results are listed in Table 1.6 [46-53]. One example for successful 
modification of PDMS membranes is Chang and Chang’s study [49]. They fabricated 
TMVS/PVDF membranes which were grafted by plasma and then coated by phosphate 
ester containing silicone rubber. The membranes exhibited a significant improvement in 
separation performance with the separation factor up to 31 and the flux of 900 g/m2h for the 
10 wt% ethanol solution. Another example is Krea et al.’s work, where polysiloxaneimide 
copolymers were synthesized from α,ω-bis(3-aminopropyldimethyl) oligodimethylsiloxane 





affinity and selectivity towards ethanol with enhanced mechanical properties [51]. These 
studies provided the innovative ways to achieve effective PDMS membranes for ethanol 
recovery.  
 
Table  1.5 Ethanol recovery performance of PDMS membranes 









PDMS General Electrics Flat-sheet 6 50 100 8.6 [36] 
PDMS on cellulose acetate support  Shanghai synthetic resin Flat-sheet 5 40 1300 8.5 [37] 
PDMS on Nylon support DowCorning Corp Flat-sheet 10 40 160 5 [38] 
PDMS on PTFE support Shin-etsu Chemical Flat-sheet 6 20 1530 14 [39] 
PDMS on polyamide support Dalian Institute of  
Chemical Physics 
Flat-sheet 4 40 1400 8.5 [40] 
PDMS on polysulfone support DowCorning Corp Flat-sheet 4 40 1150 4.5 [38] 
PDMS on polyimide support General Electrics Flat-sheet 3 41 120 4.6 [41] 
PDMS on microporous support N.A Flat-sheet 6 25 39 5.5 [42] 
PDMS/PDVF/non-woven China Bluestar  
Chengrand Chemical 
Flat-sheet 5 60 450 15 [43] 
PDMS/polysulfone composite Beijing Chemical  
Reagents Corp 
Hollow fiber 8 50 576 6.6 [44] 
PDMS on ZrO2/Al2O3 support  Shanghai Chemical  
Reagent Company 
Tubular 4.3 70 19500 5.7 [45] 
 
The inadequacy of suitable organophilic polymeric materials with high ethanol 
permeability and selectivity has motivated researchers to study on novel polymers with 
better separation performance. A glass polymer with high free volume density, poly[1-
(trimethylsilyl)-1-propyne] (PTMSP) has been explored for ethanol recovery and its 





shown that PTMSP membranes displayed greater selectivity and permeability than 
conventional PDMS membranes. Unfortunately, these studies have failed to demonstrate a 
stable performance of these membranes.  In fact, their flux and separation factor decrease 
with time. Such phenomenon is probably ascribed to the polymer compaction or the foulant 
sorption inside the membranes. Kelman et al. (2007) suggested that by cross-linking 
PTMSP membranes, their resistance to foulant sorption as well as their physical stability 
can be improved [58-59]. This implies that cross-linking modification may be an efficient 
method to resolve the instability in performance of PTMSP membranes. 
 
Table  1.6 Ethanol recovery performance of modified PDMS membranes 









Styrene-grafted PDMS/PTFE Flat-sheet 8.1 60 130 6.2 [46] 
Plasma-induced grafted PDMS/PDVF Flat-sheet 10 35 1650 5.1 [47] 
Plasma-polymerized PDMS Flat-sheet 4 25 320 5.0 [48] 
Plasma-induced grafted TMVS/PVDF, 
then coated with phosphate ester + silicone 
Flat-sheet 10 30 900 31 [49] 
PDMS-imide (from ODMS + PMDA) Flat-sheet 10 40 560 10.6 [50] 
PDMS-imide (from ODMS + 6FDA) Flat-sheet 10 40 2120 3.6 [51] 
PDMS-polystyrene interpenetrating 
polymer network/polyethersulfone 
Flat-sheet 10 60 160 5.5 [52] 






While no polymeric membranes have yet competed with PDMS as a hydrophobic 
pervaporation membrane material in terms of adequate separation performance and high 
stability, inorganic membranes made from hydrophobic zeolites and silicalite-1 display 
both higher total fluxes and ethanol/water separation factors. The review conducted by 
Bowen et al. in 2004 provided a comprehensive discussion on zeolite materials and theirs 
fundamental for pervaporation application [60]. The performance date of zeolites and 
silicalite-1 reported in the literature for ethanol recovery via pervaporation are presented in 
Table 1.8 [61-69]. It can be observed from the Table 1.8 that the separation factors of 
zeolites and silicalite-1 for ethanol/water separation are from 12 to 72 and 30 to 100, 
respectively, which are much higher than those of polymeric membranes. In addition, their 
fluxes also exceed those of the thinnest PDMS films ever reported. However, these studies 
did not consider the difficulty and high cost of manufacturing these defect-free inorganic 
membranes which may restrict their commercialization.  
 
Table  1.7 Ethanol recovery performance of PTMSP and modified PTMSP membranes 
Membrane material Configuration Feed ethanol 
conc. (wt%) 





PTMSP Flat-sheet 6 30 325 19.9 [54] 
PTMSP Flat-sheet 6 50 480 10.3 [55] 
PTMSP Flat-sheet 6 75 700 9 [56] 
PTMSP Flat-sheet 10 50 210 14.5 [48] 
PDMS grafted PTMSP Flat-sheet 7 30 62 28.3 [51] 
Trimethylsilyl substituted PTMSP Flat-sheet 6 50 590 17.6 [57] 






In order to overcome above shortcomings, several research groups have studied the 
combination of individual properties of PDMS polymers (low price and ease of membrane 
fabrication) and zeolite/silicalite-1 particle fillers (high performance) to create mixed 
matrix membranes with synergistic characteristics for ethanol/water separation. As 
summarized in Table 1.9 [41, 48, 70-75], the ethanol/water separation factors of silicalite-
1/PDMS membranes range from 7 to 59. The separation performance of these mixed matrix 
membranes typically depends on particle size and loading, source of particles and 
membrane casting procedures. In addition, high particle loadings of 60 wt% or more are 
generally required to achieve significant improvement in ethanol/water separation factor.  
 
Table  1.8 Ethanol recovery performance of silicalite-1 and hydrophobic zeolite membranes 









Silicalite-1       
Silicalite-1 on porous stainless steel Flat-sheet 4 60 760 58 [61] 
Silicalite-1 on Al2O3 Flat-sheet 9.7 32 100 11.5 [62] 
Silicalite-1 on Al2O3 Tubular 5 60 1800 89 [63] 
Silicalite-1 on Mullite Tubular 10 60 2550 72 [64] 
PDMS coated silicalite-1 on stainless steel Flat-sheet 4 30 140 125 [65] 
Silane treated silicalite-1 on stainless steel Flat-sheet 4 50 650 44 [66] 
Hydrophobic zeolite       
Ge-ZSM-5 on stainless steel Flat-sheet 5 30 223 47 [67] 





Ti-silicalite on Al2O3 Tubular 5 45 2100 16 [69] 
 
In summary, this discussion provides an overview of research studies on pervaporation 
membranes for ethanol recovery. Generally, the ethanol/water separation factors of various 
membrane materials are ranked in the following order: PDMS < PTMSP < mixed matrix 
membranes < inorganic membranes. However, other factors such as long-term stability, 
economic benefit and the ease of membrane manufacture also require a profound 
consideration. Among these membranes, it seems that mixed matrix membranes are the 
most potential material. However, further investigations may be required to reduce the 
particle amount within membranes for economic optimization.  
 
Table  1.9 Ethanol recovery performance of mixed matrix membranes 














0.5-5 60 5 22.5 449 16.5 [70] 
∼1 60 5.3 50 105 21 [71] 
0.1-0.23 15 3 41 170 4.8 [41] 
0.3-4 77 7 22 89 59 [72] 
Hydrophobic zeolite/PDMS        
ZSM-5/PDMS ∼2.4 50 5 50 70 37 [73] 
ZSM-5/PDMS/polyimide support 1-1.5 30 3 41 151 5.5 [41] 
Other hybrid membranes        
Polyphosphazene nanotubes/PDMS 0.04 10 10 40 476 10 [74] 
Carbon black/PDMS 0.051 10 6 35 51 9 [75] 






1.3.4  Pervaporation membranes for ethanol dehydration 
 
The dehydration process of organic solvents is the main application of membrane 
pervaporation in industries. Therefore, the historical development of dehydration 
membranes is much more mature than that of recovery membranes and extensive data on 
ethanol-water separation performance of pervaporation dehydration can be retrieved from 
numerous literatures. Similar to recovery membranes, dehydration membranes are mainly 
classified into three groups: polymeric membranes, inorganic membranes and mixed matrix 
membranes. A comprehensive review on dehydration performance of ethanol-water 
separation via pervaporation was made by Chapman et al in 2008 [76] and Bolto et al in 
2011 [77].  
 
Among the diversity of polymers, poly(vinyl alcohol) (PVA), chitosan (CS) and alginate 
(Alg) are most abundantly studied for fabricating dehydration membranes because these 
macromolecules contain rich polar functional groups (such as hydroxyl, amino and acid 
groups) and hence possess excellent hydrophilicity. However, their extreme hydrophilicity 
also is a double-edged sword. Although high water affinity of these polymers provides 
good water/ethanol solubility selectivity, it causes severe swelling effects which lead to 
stretching of the resultant membranes and an increase in their pore size and hence 
deteriorate water/ethanol diffusion selectivity. As a result, most studies on these polymers 
for pervaporation dehydration focus on their physical and/or chemical modifications such 
as cross-linking, polymer blending or interpenetrating networks to attain high and stable 





membranes made from these polymers for ethanol dehydration is presented in Table 1.10 
[78-91].  
 
Recently, many other promising membrane materials such as polyimide, polyamide, 
polyelectrolyte and polysulfone have been studied for ethanol dehydration and their 
performance is tabulated in Table 1.11 [92-107]. Polyimide and polyamide are groups of 
highly heat resistant polymers and offer excellent mechanical properties. The water 
selectivity of these polymers is attributed to their rigid chemical structure (i.e. high glass-
transition temperature) and their preferential interaction with water through the hydrogen 
bonding between water molecules and imide or amide groups.  
 
Table  1.10 Ethanol dehydration performance of PVA, CS and alginate based membranes 









Poly(vinyl alcohol)       
PVA Amic acid 50 45 250 100 [78] 
PVA + PAAM – 5 75 100 45 [79] 
PVA + PAAM on PESF – 5 75 3800 < 45 [80] 
PVA + CD Glutaraldehyde 5 – 250 100 [81] 
PVA. PSStSA-co-MA Thermal treatment Azeotrope 30 430 190 [82] 
Chitosan       
CS H2SO4 10 60 472 1791 [83] 
CS, carboxyl modified Glutaraldehyde, maleic anhydride 10 50 238 991 [84] 
CS/HEC – 10 60 112 10,490 [85] 
CS + PAA on PSF Thermal treatment Azeotrope 30 132 1008 [86] 





Na-Alg – 10 50 290 10,000 [87] 
Na-Alg + PVA – 10 50 120 30,000 [88] 
Na-Alg HCl and glutaraldehyde 10 50 100 500 [89] 
Na-Alg Ionically cross-linked with Ca2+ 10 50 230 300 [90] 
Na-Alg Alginic acid Azeotrope 50 172 90 [91] 
PAAM: polyacrylamide; PESF: polyethersulfone; CD: cyclodextrin; PSStSA-co-MA: poly(sodium salt styrene sulfonic 
acid-co-maleic acid); HEC: hydroxyethylcellulose; PAA: poly(acrylic acid); PSF: polysulfone 
Polyelectrolyte is a group of charged polymers. Their properties depend on presence of 
charged groups in the polymer and the nature of the counter ion attracted to them. Cabasso 
and Liu [100] found that the mass transfer properties of polyelectrolyte membranes are 
governed by the attached cations and the flux decreased in the following order H > Li > Na > 
K > Cs. This observation is interesting because it allows tailoring the separation 
characteristics of cast membranes by simple post-modification of charging the membranes 
with a certain cation. The selectivity of these membranes can also be improved by ionically 
cross-linking them with multivalent metal ions such as Ca2+ or Al3+. However, a key 
disadvantage of these polymers is unstable performance with time because the counter ions 
may be washed out of the membrane and replaced by H+ and hence altering the membrane 
properties. This drawback may be overcome by immobilizing the counter ion onto the base 
polymer and layer-by-layer membranes based on this concept have been developed. This 
type of membranes is fabricated by depositing a polyanion on a support and subsequently 
depositing a polycation layer on the polyanion layer. This process is repeated to allow the 
membrane to be assembled. Ma et al [102] prepared layer-by-layer membranes using 
carbopol and chitosan deposited on polyacrylonitrile (PAN) and achieved good ethanol 
dehydration performance with the flux of 1247 g/m2h and the separation factor of 256 for 






Despite its hydrophobicity, polysulfone (PSF) is also utilized for water-selective 
separations because this polymer offers excellent mechanical properties and high chemical 
resistance. Hsu et al [103] improved its separation performance by adding a small amount 
of poly(ethylene glycol) to increase the polymer chain flexibility while other scientists tried 
to change its property from hydrophobicity to hydrophilicity by plasma treatment or 
sulfonation. Both the flux and separation factor of modified PSF membranes were 
improved. 
 
Table  1.11 Ethanol dehydration performance of polyimide, polyamide, polyelectrolyte and 
polysulfone membranes 









Polyimide       
PI-2080 aromatic polyimide – 5 60 1000 900 [92] 
BAPP – 10 25 270 22 [93] 
PMDA-ODA Thermal treatment 11.1 75 130 19 [94] 
BHTDA-DBAPB – 10 35 255 141 [95] 
Polyamide       
Nylon-4 – 10 25 350 4.5 [96] 
PASA – 10 20 34 1984 [97] 
Polyelectrolyte       
g-PSS-Na+ Plasma grafting 20 50 3100 35 [98] 
PVA/SSA-Na+ Aqueous solution contains Na+ 10 50 60 44 [99] 
Nafion-881-K+ Aqueous solution contains K+ 5.2 29 997 36.5 [100] 
PEI+PAA on PAN Layer-by-layer deposition 5 70 314 604 [101] 
CP + CS on PAN Layer-by-layer deposition 10 80 1247 256 [102] 
Polysulfone       
PSF + PEG – 10 25 600 325 [103] 





PSF Sulfonated Sodium form 10 45 880 1300 [105] 
PSF TGN plasticiser 10 25 440 680 [106] 
PSF hollow fiber – 10 25 173 23.9 [107] 
BAPP: 3,3-bis[4-(4-aminophenoxy)phenyl] phthalide; ODA: 4,4’-diaminodiphenylether; BHTDA: 3,3’,4,4’-
benzhydrol tetracarboxylic dianhydride; DBAPB: 2,2’-dimethyl-4,4’-bis(4-aminophenoxy)biphenyl; PASA: 
poly(amide-sulfonamides); PSS: poly(sulfonated styrene); SSA: sulfosuccinic acid; PEI: polyetherimide; PAN: 
polyacrylonitrile; CP: carbopol; PEG: poly(ethylene glycol) 
 
 
Table  1.12 Ethanol dehydration performance of inorganic membranes and mixed matrix 
membranes 









Silica      
Silica on γ-alumina 9 70 350 50 [108] 
ECN silica membrane 3.6 70 1600 350 [109] 
Pervatech amorphous silica 11 70 2000 160 [110] 
Hydrophilic zeolite      
Zeolite A on TiO2 coated metal 5 45 860 54,000 [111] 
Zeolite A on α- alumina 10 75 2150 10,000 [112] 
Zeolite X on α- alumina 10 75 890 360 [112] 
Zeolite Y on α- alumina 10 75 1590 130 [112] 
Zeolite T on α- alumina 10 75 810 830 [112] 
NaA zeolite on Mullite 5 95 2350 > 5000 [113] 
Mixed matrix membrane      
PVA + clay 5 – 57 58 [114] 
PVA + 11 wt% KA zeolite 20 50 235 15.5 [115] 
PAN + 32 wt% zeolite X 9 50 88 51.9 [116] 
Polyamide + SDS-clay 10 25 280 12 [117] 







Similar to recovery application, inorganic membranes and mixed matrix membranes have 
also been studied for dehydration application and their performance is tabulate in Table 
1.12 [108-118]. The common inorganic particles used are ceramic (silica) and hydrophilic 
zeolites. Because of their chemical resistance, most of studies have been focused on 
investigating various types of inorganic particles rather than modifying their chemical 
structure. The performance of the membranes made of different inorganic particles was 
compared by Sommer and Melin [110]. They found that the separation factor for solvent 
dehydration was in the order of Zeolite A > Zeolite T > Pervatech silica > ECN silica and 
the flux was in the reversed order. They also found that all the tested membranes had 
excellent chemical stability in aprotic solvents. Ceramic and zeolite membranes have been 
commercialized for ethanol dehydration. Mixed matrix membranes, which are a 
combination of polymeric matrix and inorganic particles, have also widely investigated. 
However, their performance is not very impressive. 
 
1.4 Objectives and significance of the study 
 
In the previous sections, pervaporation process has been demonstrated as an efficient 
separation technique for ethanol purification from fermentation broths. Hundreds of studies 
have been conducted to develop pervaporation membranes with excellent separation 
performance, high long-term stability, low membrane fabrication cost and high ease of 
membrane manufacture. To date, however, it is still challenging to achieve a robust 





mechanical strength) for ethanol-water separations. Membrane researchers confront with 
inextricable problems as following: 
 
• There exists a trade-off tendency between permeation flux and separation factor of 
most current pervaporation membranes. Inorganic membranes have been reported to 
overcome this drawback. However, it is still questionable for the high manufacture 
cost of these membranes as compared with polymeric membranes. 
• There is a limitation of commercial materials which meet the requirement of the 
ethanol/water separation. 
• Although the application of the most efficient membrane configuration, i.e., dual-
layer hollow fiber membranes, for isopropanol dehydration via pervaporation, has 
obtained excellent separation performance, it is problematic to separate ethanol-
water mixtures since ethanol has a smaller diameter and is a more powerful solvent 
than isopropanol. 
 
Therefore, the main aim of this study was to explore the molecular design and fundamental 
understanding of newly developed pervaporation membranes which meet the requirements 
for ethanol-water separations. The specific objectives of this research were to: 
 
• Develop novel molecular-level mixed matrix membranes (MMMs) for ethanol 
recovery through the combination of flexible POSS nanoparticles and Pebax 
polymer. This molecular-level MMM will be used to demonstrate that a polymer-





separation factor. In addition, the fundamental transport properties of molecules 
through the membrane and the effects of operation conditions on separation 
performance will be investigated. 
• Synthesize novel 6FDA-NDA/DABA polyimide material for ethanol dehydration. 
Through this section, guidelines on monomer selection for dehydration polymer and 
its chemical modification will be provided.  
• Develop (6FDA-NDA/DABA)/POSS/Utem® dual-layer hollow fiber membranes 
for ethanol dehydration. The fundamental science and engineering on how to design 
a hollow fiber membrane for ethanol dehydration will be studied. 
• Explore other promising pervaporation materials based on the miscible polymer 
blends of polyimide and sulfonated polyimide as a water-selective layer to develop 
superior-performance dual-layer hollow fiber membranes. 
 
This work should provide useful database for the fabrication of POSS-containing MMMs 
as well as a roadmap for the synthesis and cross-linking modifications of polyimide 
materials in the application of ethanol-water separations via pervaporation. Also, this work 
may open up a new perspective for the development of next-generation pervaporation 
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2 CHAPTER TWO 
LITERATURE REVIEW 
 
2.1 Theory of mass transport in pervaporation process 
 
The separation characteristics of pervaporation are more complicated than liquid and gas 
separation because a phase transition (liquid to vapor) is involved in the process. This 
process involves both mass and heat transfer. The separation takes place through a perm-
selective membrane as a barrier layer between a liquid phase (at the feed side) and a vapor 
phase (at the permeate side).  The driving force for the mass transport is the chemical 
potential gradient across the membrane, which is produced by applying either a vacuum 
bump or an inert purge on the permeate side to maintain the permeate pressure lower than 
the partial pressure of the feed liquid. The separation is based on different rates of overall 
transport for different components through the membrane. In details, the selectivity is 
determined by the fugacity difference between permeating components as well as by the 
permeability difference of the membrane towards different permeates. The separation 
performance typically depends on 1) the physicochemical properties of individual feed 
components and their own interactions, 2) the affinities of permeates towards the 
membrane material and, 3) the physical structure of the membrane. Because of these 
complex factors, a proper understanding on the mass transport mechanism of pervaporation 
process is required to design an appropriate pervaporation membrane. There are various 
views among membrane scientists regarding to the pervaporation mechanism. However, 
there are principally two theories to describe mass transport in pervaporation: the solution-





assumption of these two models in terms of pore presence in the selective layer, both agree 
that the interactions among feed molecules and between feed molecules with the membrane 
play an essential role to determine the overall transport. 
2.1.1  Solution-diffusion model 
 
The solution-diffusion model is widely applied to describe mass transport through the non-
porous selective layer of a membrane, which was first developed by Graham [1]. Based on 
the model, the overall mass transport through the membrane from the feed side to the 
permeate side consists of three fundamental processes (as depicted in Fig. 2.1): (1) the 
sorption of feed molecules from the feed side into the membrane, (2) the diffusion of 
absorbed species across the membrane matrix, and (3) the desorption of the absorbed 
species to the vapor phase into the permeate side of the membrane. The selectivity and 
permeation flux are governed by the solubility and diffusivity of feed components. These 
both properties depend on variations in molar volumes of different penetrants in the feed, 
their chemical and physical characteristics, their affinity towards the membrane material 
and the mutual interaction among penetrants [2].  
 





2.1.2 Pore flow model 
 
The pore flow model is an alternative mechanism to describe the mass transport through a 
porous membrane. The model was originally proposed by Okada and Matsuura [3], based 
on the assumptions that there is a bundle of straight cylindrical pores with an effective 
length of δ completely penetrating across the selective layer of the membrane as illustrated 
in Fig. 2.2. According to the model, the overall mass transport in a pervaporation process 
consists of three consecutive steps: (1) the permeate molecules transport from the feed side 
to the liquid filled portion of the pore with a distance δa, (2) a liquid-to-vapor phase change 
of the penetrants occurs inside the pore, and (3) the penetrants transport through the vapor-
filled portion of the pore with a distance δb to the permeate side. Besides the main factors 
that affect the mass transport in the solution-diffusion model, the mass transport in the pore 
flow model also depends on the pore size and surface porosity of the membrane. 
 
 






2.2 Molecular design and engineering principles for polymeric pervaporation 
membranes 
 
Molecular design and engineering principles for the development of pervaporation 
membranes mainly focuses on four aspects: 1) material selection; 2) membrane fabrication, 
3) membrane modifications and post-treatments; and 4) membrane modules. For the 
achievement of a high-performance membrane, the selection of membrane materials with 
the appropriate physicochemical, mechanical and permeation properties is the first and a 
critical step. However, once the membrane material has been selected, the fabrication 
technology of this material into a robust membrane with a thin, defect-free selective layer 
and strong supporting characteristics during operation is essential. Membrane modifications 
and post-treatments may also be applied for the fabricated membrane to achieve a 
satisfactory separation performance. For commercialization, membranes must be packed 
into an efficient, economical, high surface-area module. 
2.2.1  Material selection 
 
The important criteria of selecting materials for pervaporation membranes are high 
permeability towards a specific solvent, i.e., high sorption capacity and diffusivity, 
excellent chemical resistance and good mechanical strength. In addition, since 
pervaporation process is preferentially carried out at elevated temperatures for a high flux, 
the membrane material should have high thermal stability. These properties are determined 
by the physical and chemical properties of materials. Physical properties include physical 
parameters such as density, free-volume size and intensity, melting point, glass transition 





change in the physical structure of a material in a given environment as well as the 
interfacial properties such as interfacial tension and adsorption when a material is in contact 
with a liquid. Generally, the physical structure of polymers governs the mechanical 
properties and the thermal stability of the polymer network. Moreover, the physical 
structure also has a significant impact on the selectivity due to its non specific effects such 
as steric hindrance, tortuous pathways and polymer chain stiffness, which are related the 
free volume properties of polymers and hence determine the diffusion coefficients of the 
permeating molecules. On the other hand, chemical properties of a material are governed 
by its chemical formula and describe how its chemical structure changes under a certain 
circumstance. For example, polyimide has a high affinity towards water and hence is easily 
swollen in the feed with high amount of water. Therefore, the chemical structure of a 
material typically affects the interaction between the membrane and components in feed 
and hence their sorption capacity.  
 
Looking back to the solution-diffusion mechanism of pervaporation, it is obvious that the 
design of an effective membrane should be done to favor the solubility of the target species 
(i.e., the species to be eliminated or recovered) to enhance its permeation. However, effect 
of sorption strongly depends on polymer nature, i.e. rubbery or glassy state. With a rubbery 
polymer, sorption is the leading phenomenon of the mass transfer and hence the design in 
chemical properties of the polymer plays a more important role. With a glassy structure, a 
contrary situation occurs because diffusion becomes the prevailing factor and hence 






In order to describe the physicochemical properties of polymeric membranes, numerous 
criteria can be used. Some are related to the surface properties and others are involved with 
the bulk network properties, including: (1) Hamaker coefficient to describe the surface 
thermodynamic properties [8], (2) contact angle to test solvent-polymer affinity [9], (3) 
liquid chromatography to study the retention properties of a polymer versus a solvent [10-
11], (4) polarity scale to evaluate the affinity between a polymer and a solvent [12-13], and 
(5) solubility parameter to predict the solvent solubility in the polymer phase [14-16]. As 
far as solubility and thermodynamic equilibrium are involved in pervaporation mass 
transfer, it is more reasonable to follow a criterion representing the bulk properties of the 
polymer network and hence it is not surprising that the solubility parameter is the most 
popular criterion to describe the physicochemical properties of a polymer. 
 
The solubility parameter is very well-known to characterize the physicochemical properties 
of solvents. In the same way, it also can be used to depict polymer affinity properties. The 
solubility parameter (δ) is related to the cohesive energy (E) and the molar volume (V) of a 
substance, which was first defined by Hilderbrand for liquids [17]: 
 δ = (∆/)/ (2.1) 
For polymers, the solubility parameter was refined by Hansen as a 3D solubility parameter 
[18], δH, δp, δd, which quantify the intermolecular interactions caused by hydrogen bonding, 
polar forces and dispersion forces, respectively, according the following equation: 





A small difference between solvent and polymer parameters (noted as ∆SP) implies a high 
potential dissolution of the solvent into the polymer and hence a high solvent sorption 
capacity into the polymer matrix. Therefore, for a ternary system (solvent A, solvent B and 
polymer), a high ratio ∆AP/∆BP can be considered as a very useful criterion to design a 
permselective membrane [19]. Considering the strength of the sorption phenomenon, the 
solubility parameter approach applies well to design a pervaporation membrane for the 
separation of the mixtures of solvents having low affinity to each other, i.e. large difference 
in solubility parameter. Nevertheless, for the mixtures of solvents having close solubility 
parameters, this approach may not be efficient because the coupled transport phenomenon 
becomes too important. The coupled transport is the phenomenon, where the transport of a 
species through a membrane is significantly affected by the transport of others. Therefore, 
the effective membrane selectivity for the ternary mixture is much smaller than the ideal 
one which is examined from the fluxes of pure liquids.  The limitations of the solubility 
strategy thus are very clear. However, it still be applied quite successfully for azeotropic 
systems [7]. 
2.2.2  Membrane structure and fabrication methods 
 
A desirable membrane structure should consist of a selective top layer which must be as 
thin as possible (with no defects) to allow a significant mass transport and a strong 
mechanical support for industrial applications. This is contrary to laboratory studies where 
the self supporting characteristic of dense films is sufficient and even advisable for the 
better fundamental understandings. Therefore, in this part, all types of membrane structure 





2.2.2.1  Isotropic membranes 
 
Isotropic membranes have a uniform composition and structure; such membranes can be 
porous or dense. For pervaporation, only isotropic dense membranes are used. These 
membranes are widely used in laboratory studies to characterize membrane properties. 
However, these membranes are rarely used for commercial applications because the 
permeation flux is too low for practical separation processes. Dense membranes are 
prepared by a solution casting or a thermal melt-pressing method. Solution casting is the 
most commonly used to prepare small membrane samples for laboratory experiments. An 
even film is formed by spreading an appropriate polymer solution onto a flat plate with a 
casting knife. A typical hand-held knife is shown in Fig. 2.3a. After casting, the thin 
solution film is left in a fume hood or an oven for solvent evaporation to leave a uniform 
polymer film. Another dense membrane fabrication is thermal melt-pressing used for the 
polymers which do not dissolve in appropriate solvents at room temperature such as 
polyethylene, polypropylene, and nylons. A laboratory press is described in Fig. 2.3b. The 
polymer is compressed between two heated plates and the plate temperature is just below 
the melting point of the polymer. The melted polymer is extruded onto the rotating drum 





               
Figure  2.3 A) a typical hand-casting knife and B) a laboratory melt-press used to make 
dense films. Reproduced from Baker [20] 
 
2.2.2.2  Anisotropic membranes 
 
Anisotropic or asymmetric membranes have a number of layers with different structures 
and permeabilities. A typical anisotropic membrane consists of a relatively dense, thin 
selective layer located on a much thicker microporous substrate. The high-transport-
resistant top layer performs the separation function while the low-transport-resistant 
support layer provides mechanical strength. Anisotropic membranes can be made of a 
single membrane material but the porosity and pore size are different for the layers of the 
membrane. On the other hand, anisotropic membranes only can consist of layers of 
different materials which perform different functions. Anisotropic membranes are covered 






membranes, interfacial polymerization membranes, solution-coated composite membranes 
and other anisotropic membranes. 
 
2.2.2.2.1 Phase separation membranes 
 
This category includes membranes made by the technique involving precipitation of a 
casting solution by immersing it in a nonsolvent (water) bath. This technique is also called 
the phase inversion process or the polymer precipitation process, but the term phase 
separation describes the process most clearly. In this process, a liquid polymer solution is 
precipitated into two phases: a solid, polymer-rich phase which forms the matrix of the 
membrane and a liquid, polymer-poor phase which forms the pores of the membrane. 
Precipitation of the liquid solution thin film to form the anisotropic membrane can be 
performed in several ways, as summarized in Table 2.1. Among them, precipitation by 
immersion in a bath of water is the simplest and most common method.  
 
Table  2.1 Phase separation membrane preparation procedures [20] 
Procedure Process 
Water precipitation The cast polymer solution is immersed in a nonsolvent bath 
(water). Adsorption of water and loss of solvent cause the 
rapid precipitation of the film from the top surface down 
Water vapor absorption The cast polymer solution in placed in a humid atmosphere. 
Water vapor absorption occurs and causes the precipitation of 
the film. 
Thermal gelation The polymer solution is cast in the hot state. Cooling cause the 
precipitation of the film. 





Evaporation of one volatile solvent in the solution after casting 
changes the solution composition and causes precipitation. 
  
2.2.2.2.2 Interfacial polymerization membranes 
 
The interfacial polymerization technique to make anisotropic membranes was first 
developed by John Cadotte [21]. The process is illustrated in Fig. 2.4. In this process, an 
aqueous solution of one type of reactive monomers, such as amine monomers, is first 
deposited on the top surface of a substrate. The amine-loading substrate is then immersed in 
a water-immiscible solvent solution containing another reactant, such as a diacid chloride in 
hexane. The reaction between the amine and chloride monomers occurs at the interface of 
the two immiscible solutions to form a dense crosslinked, extremely thin polymer layer on 
the top of the substrate. Since this selective layer is extremely thin, about 0.1 µm or less, 
the membrane permeability is very high. On the other hand, since the selective layer is 







Figure  2.4 Schematic of the interfacial polymerization process. Reproduced from Baker 
[20] 
 
2.2.2.2.3 Solution-coated composite membranes 
 
Another important group of anisotropic membranes is formed by coating a thin selective 
layer on a microporous support. This technique was first developed by Ward et al at 
General Electric [22] and by Forester and Francis at North Star Research [23] using a type 
of Langmuir trough system, as depicted in Fig. 2.5a. In this process, a dilute polymer 
solution prepared in a volatile water-immiscible solvent is spread on the surface of a water-
filled trough between two Teflon rods. The rods are then moved apart to spread the film. 
After that, a support is slid under the film to pick up the film on its top surface. Currently, 
this category of membranes is cast directly onto the microporous substrate, which was first 
performed by Riley et al [24]. The substrate must be finely microporous and defet-free to 
prevent the penetration of the coating solution into the pores of the substrate. The defect-





structure of these solution-coated composite membranes is described in Fig. 2.5b. The 
microporous support should have an intermediate gutter layer of a highly permeable 
polymer on its top surface. This layer acts a as a conduit to transport the coating solution to 
the pores of the support. In addition, a protective layer made of a highly permeable material 
is coated on the selective layer to protect the membrane from damage during handling. 
2.2.2.2.4 Other anisotropic membranes 
 
Besides three above common techniques for anisotropic membrane preparation, several 







Figure  2.5 A) Schematic of the apparatus developed by Ward et al. [22] to prepare water-
cast composite membranes, and B) the structure of multilayer composite membranes. 
Reproduced from Baker [20] 
 
Plasma polymerization membranes: The most extensive studies of plasma-polymerized 
membranes were conducted in the 1970s and early 1980s by Yasuda [25-26], who tried to 
deposit plasma films onto microporous polysulfone films. Plasma environment is generated 
by introducing a gas such as helium or argon into a chamber at a pressure of 50–100 mTorr 
and in an electromagnetic field at frequencies of 2–50 MHz. Monomers are vaporized and 







the plasma field. The plasma polymerization is very complex involving ionized molecules 
and radicals and hence the composition and characteristics of the resultant polymer film are 
difficult to predict. However, the formed film is typically very thin and has a certain 
selective function.  
 
Dynamically formed membranes: This type of membranes was developed in the late 1960s 
and early 1970s by Johnson et al at Oak Ridge National Laboratory [27-28]. The general 
principle is to form a layer of inorganic or polymeric colloids on the top surface of a 
microporous support by filter the colloid suspended solution through the support. A thin 
layer is formed on the support surface and performs as a permselective membrane. 
However, these membranes proved to have an unstable and inconsistent performance since 
the colloidal layer is lost over time.  
2.2.2.3  Hollow fiber membranes 
 
The techniques of membrane preparation described so fare were used to produce the 
membranes in the flat-sheet form. However, these techniques also can be employed to yield 
the membranes in the form of thin tubes or hollow fibers. An important advantage of this 
configuration is that these hollow fibers can be packed into compact modules with a very 
high membrane surface area per a volume unit and hence their commercialization is very 
feasible. A comprehensive review on the early development of hollow fiber membranes 
was conducted by Baum et al in [29]. After that, some more reviews on their recent 
developments were given by Moch in [30] and McKelvey et al in [31]. Hollow fiber 
membranes can have a uniformly dense structure, but a desirable structure should own an 





The dense selective layer can be integral with the porous structure in the form of single-
layer hollow fibers. It also can be a separate layer in dual-layer hollow fibers (composite 
hollow fibers) or a post-coated layer onto the porous support fibers. Hundreds of fibers are 
packed into bundles and potted into tubes to make a membrane module with a surface area 
of even a few square meters. Since these long fibers in the module must be unbroken and 
defect-free, the hollow fiber production requires high reproducibility and rigorous quality 
control. 
 
Two techniques are utilized to prepare hollow fiber membranes: wet spinning and melt 
spinning. The more common process is wet spinning, where a highly viscous polymer 
solution is extruded through an orifice and precipitated into a nonsolvent bath. Fibers 
produced from this method have the structure of phase separation membranes. For 
polymers which are unlikely to form a highly viscous solution in convenient solvents and 
hence difficult to generate fibers by wet spinning, melt spinning is used as an alternative 
technique. A hot melt polymer is extruded through an appropriate die and then cooled and 
solidified in air before immersed in a quench tank. Melt-spun fibers are denser and then 
have lower fluxes than wet-spun fibers. Another technique of producing composite hollow 
fibers, which is described by Kusuki et al [32] and Kopp et al [33], is to spin dual-layer 
hollow fibers by using a double spinneret. This design allows the spinning process of two 
different dope solutions for the outer and inner layer of the fibers and hence gives more 
precise control of the final structure. An important advantage of these dual-layer hollow 
fibers is that different polymers can be used to form the selective layer and the 
mechanically strong support. This can reduce the amount of expensive selective layer and 





2.2.3  Membrane modifications and post-treatments 
 
There are several membrane modification techniques to improve the separation 
performance of a membrane. Some are applied to change the bulk properties of the 
membrane material while others impact on the surface properties of the membrane. 
Membrane modifications can be performed either before or after membrane fabrication. 
The modification methods before membrane fabrication typically change the chemical 
composition of the membrane such as sulfonation, blending and hybrid mixing. Meanwhile, 
widely used modification technologies applied on fabricated membranes are thermal 
annealing, cross-linking, surface modification and coating. 
2.2.3.1  Sulfonation 
 
Sulfonation is one of the most popular membrane modification technologies used to 
improve the hydrophilicity of membrane materials. Therefore, this method is a potential 
treatment for dehydration membranes, where hydrophilic membranes are preferable. 
Sulfonation is defined as a substitution reaction to attach the –SO3H group on the organic 
molecules via chemical bonds. Sulfuric acid and its complexes such as acyl and alkyl 
sulfates and chlorosulfonic acid are commonly used as sulfonating agents. Many 
commercial polymers such as polysulfone, poly(phenylene oxide) and polybenzimidazole 
were sulfonated in pervaporation dehydration applications [34-36], and their separation 
performances were significantly improved. However, the sulfonation of the polymer used 
to fabricate membranes exhibits some drawbacks such as (1) the difficulty in controlling 
the sulfonation reaction, i.e. the position of sulfonate substitution, the degree of sulfonation 





strength of the sulfonated polymer due to the possible chain-scission side reaction. These 
disadvantages lead to reproducibility and stability problems in separation performance. 
Alternatively, sulfonated polymers are produced by direct co-polymerization of sulfonated 
monomers. By this way, the position of sulfonate groups and the degree of sulfonation can 
be easily controlled by selecting the suitable composition and amount of the monomers 
used for the co-polymerization reaction. Tang et al (2012) proved the potential of directly 
sulfonated polyphenylsulfone containing various amount of sulfonated monomers 
synthesized by BASF, Germany, for pervaporation hydration of C1-C4 alcohols [37]. 
However, since most of sulfonated monomers are insoluble in convenient solvents (NMP) 
but only soluble in highly toxic solvents such as m-cresol, direct sulfonation via co-
polymerization has still required further investigations to seek for an environmentally 
friendly reaction process. 
2.2.3.2  Blending 
 
Polymer blending is considered as a favorable route of modifications owing to its simplicity, 
reproducibility, processability and low development cost. In addition, a blend of polymers 
may synergistically combine the advantages of individual materials. Polymer blends are 
classified as miscible and immiscible. Only the miscible ones are desirable for membrane 
fabrication since homogeneity is critical to produce membranes with reproducible 
performance while reserving physical properties. Generally, a sufficient driving force for 
miscibility of two polymers can be obtained by the specific interactions between the 
functional groups of the polymer components such as hydrogen bonding, ionic interactions 





miscible blend displays one glass transition temperature while an immiscible blend exhibits 
two obvious transition temperatures.  
 
The first blend of different polymers for pervaporation application was reported by Cabasso 
et al. [38] in 1974; who successfully used the cellulose acetate/poly (phosphonate) alloys 
for the separation of organic mixtures. In 1982, Suzuki et al [39] found that a blend of 
cellulose nitrate and poly(methylacrylate) significantly improved the water selectivity for 
alcohol dehydration. Jo et al [40] also used another blend of poly(acrylonitrile-co-acrylic 
acid) and poly(acrylonitrile-co-vinyl pyridine) for pervaporation separation of water and 
alcohols and found that the membrane has an increased flux and selectivity due to the ionic 
interaction existed between the carboxylic acid and pyridyl groups. These authors also 
studied on blending of poly(acrylonitrile-co-acrylic acid) with poly(ethylene oxide) (PEO) 
and discovered that at 1 wt% PEO content, the flux and selectivity increased 
simultaneously owing to the combination of the plasticizing effect and the increased 
diffusion rate of the target component [41]. One example of the polymer blends applied for 
alcohol recovery is that in 1994 Kang et al. [42] attempted to mix PDMS with PTMSP and 
then cross-link the membrane to prevent the flux decline over time. 
2.2.3.3  Hybrid mixing 
 
Hybrid membranes or mixed matrix membranes (MMMs) refer to the blend of an organic 
polymer as the continuous phase and inorganic particles as the dispersed phase. The 
combination of individual properties of polymers and nano-size fillers creates synergistic 
characteristics for MMMs, which makes them a group of promising materials for 





separations include silicalite [43], zeolite [44], silica [45], carbonaceous particles [46], 
magnesium oxide [47]; and their membranes exihibited the enhancement in separation 
performance. However, the development of mixed matrix membranes is still constrained by 
the severe agglomeration of the small nanoparticles, therefore limiting their selective 
function. The agglomeration phenomenon may create delamination on the interface 
between the polymer matrix and agglomerated nanoparticle phase, and result in defects [48-
49]. The solution to prevent nanoparticles from agglomeration is therefore an important 
step to fabricate an ideal MMM. Tailoring external surface of nanoparticles with various 
chemical modifications [50-53] and designing molecular-level MMMs using cyclodextrin 
have been proposed [54-55]. 
2.2.3.4  Thermal annealing 
 
Thermal annealing is a simple and efficient post treatment technique to improve the 
separation performance. By adjusting the thermal treatment parameters such as annealing 
rate, temperature and treatment time, the membrane morphology and physicochemical 
properties such as thickness, density, roughness, color, contact angle, pore size and pore 
size distribution, can change as a result of polymer chains relaxation and rearrangement 
induced by their thermal motion. Schwarz et al [56] proved the correlation between the 
pore size of membranes and annealing temperature and found that annealing at 
temperatures below 75oC negligibly changed the pore density while the number of pores 
decreased at higher annealing temperatures. The membrane hydrophilicity also can be 
improved by thermal annealing due to the fact that the high-temperature thermal treatment 
can smoothen membrane surface and decrease the surface roughness [57]. Besides, thermal 





transfer complexes (CTCs) [58] which strengthens the interaction among polymer chains 
and hence improves membrane selectivity. The existence of CTCs usually can be proved by 
a significant change in membrane color, and the color intensity increases with an increase 
in thermal treatment temperature [58]. By referring to all above effects, a membrane with a 
good flux and selectivity can be achieved by the thermal annealing. 
2.2.3.5  Cross-linking 
 
Besides thermal annealing, cross-linking modification is another simple and effective way 
to achieve an enhanced and stable membrane performance. Cross-linking modification was 
typically applied to the fabricated membranes since highly cross-linked polymers cannot be 
dissolved in any solvents. Cross-linking reaction can occur either due to the initiation of 
free radicals generated by thermal treatment [59-60], ultraviolet (UV) [61] or ion beam 
radiations [62-63]; or by using a chemical agent as bridges among polymer chains [64-67]. 
Thus, the polymer chain mobility is restricted; the size and the number of free volume in 
the material are redistributed. The effects of cross-linking modification on membrane 
permeability and selectivity are strongly dependent on polymer molecular structure, cross-
linking agent and cross-linking method. For example, most of cross-linked membranes by 
chemical modifications have a decreased interstitial space while carboxylic acid-containing 
polymers cross-linked by thermal treatment exhibit an enhancement in interstitial space 
[59]. However, most of membranes cross-linked by various methods show anti-swelling 
ability in common and hence produce more stable membrane performances. On the other 
hand, brittleness of membranes is generally affected by cross-linking reaction and hence the 
membrane processability requires a consideration when cross-linking modification is 





2.2.3.6  Surface modification 
 
Several types of surface modification are employed in membrane technology, such as 
surface modification of supports or substrates to improve the adhesion between them and 
the coated selective layer; surface modification of nanoparticles to decrease their 
agglomeration in the polymer matrix; and surface modification of selective layers to change 
their own surface properties. In this section, the discussion will focus on the last one – 
modification for the selective membrane surface or so-called grafting. Grafting is a method 
where monomers are covalently bonded on the membrane surface. The techniques to 
initiate grafting reaction are chemical reaction [68-69], photochemical and/or via high-
energy radiation [70-71], the use of a plasma [72-73] and enzymatic method [74-75]. The 
choice of a specific grafting technique depends on the chemical structure of the membrane 
and the desirable surface characteristics after modification. For example, Wang et al [55] 
grafted m-xylenediamine-β-cyclodextrin on the polyamide-imide membrane surface via 
chemical reaction to increase the molecular recognition of the membrane for the separation 
of isomer mixtures. Some research groups improved the hydrophilicity of polymeric 
surfaces by incorporating carboxylic groups on the surfaces via plasma-induced grafting of 
acrylic acid [76-77]. Kumar et al studied enzymatic grafting of chitosan films using 
tyrosinase and chlorogenic acid to alter the rheological properties of the films [74]. In 
general, chemical grafting is a simple and cheap method, but it is a harsh treatment. Light-, 
UV- and plasma assisted grafting, despite their simplicity, are all related to the formation of 
free radicals and hence it is difficult to control grafting reaction leading unclear formula or 
properties of the membrane surface. Enzymatic grafting is an environmentally benign 





2.2.3.7  Coating 
 
In membrane technology, preparing anisotropic membranes with an ultrathin and defect-
free selective layer is challenging. The defects, which are generated by gas bubbles, dust 
particles and substrate imperfections, are typical difficult to eliminate during membrane 
formation. Such defects significantly affect the membrane performance for gas separation 
and pervaporation process. This problem can be solved by coating the membrane with a 
thin layer of a relatively permeable material such as silicone rubber as illustrated by 
Browall [78], Henis and Tripodi [79] in Fig. 2.6. The silicone layer is typical much more 
permeable than the selective layer and hence does not perform as a selective barrier but 
rather seals defects. Despite the high permeability of the coating layer, it is obvious that the 
flux through this composite decreases at a certain extent. However, the selective layer, due 
to the defect sealing of the coating technique, can be fabricated to be thinner than the one 
without a coating layer. The increment in flux achieved by decreasing the thickness of the 
selective layer more than compensates for the slight decline in flux due to the sealing layer. 
2.2.4  Membrane modules 
 
Industrial membrane applications require hundreds to thousands of square meters of 
membranes to achieve production cost efficiency. Therefore, before commercialization, 
techniques of economically and efficiently packing a large area of membranes into suitable 
membrane modules are essential. The breakthrough of developing low-cost membrane 
modules for commercial membrane processes was made in the 1960s and 1970s. The first 
design of membrane modules was based on simple filtration technology, where the module 





time, tubular modules loading 1- to 3-cm-diameter tubes of membranes was developed. 
Both designs are still used but limited because of their high cost. Alternatively, other two 
module configurations, namely, spiral-wound modules and hollow fiber modules, are 
widely used in most applications. Despite the important of membrane module technology, 
the development of membrane modules is ignored by many academics. The following 
sections will give an overview of the principal module configurations. 
 
 
                            
Figure  2.6 Schematic of silicone rubber-coated membranes studied by A) Browall and B) 








2.2.4.1  Plate-and-frame modules 
 
Plate-and-frame modules are easily fabricated, consisting of membrane flat-sheets, feed 
spacers and permeate spacers which are sandwiched together between two end plates. A 
plate-and-frame design proposed by Stern [80] is described in Fig. 2.7. The feed is forced 
across the surface of the membrane. The target components in the feed pass through the 
membrane; enter to permeate channel and gather into a central permeate collection 
manifold. Due to its expensive cost, the plate-and-frame unit is now only used for some 
small-scale pervaporation applications with the required surface area of ~100-400 m2 per 
cube meter unit separator volume for chemical process industries. 
 






2.2.4.2  Tubular modules 
 
Tubular modules are generally limited to ultrafiltration applications. However, this type of 
modules was also studied for pervaporation. The first large-scale plant was operated by 
Morigami et al in 2001, where porous tubular supports (12 mm outer diameter, 80 cm 
length and 1 µm average pore size) were growth with NaA zeolite crystals on their surface 
and used for pervaporation dehydration [81]. At present, the tubular ceramic pervaporation 
membranes is commercialized by PervaTech Company with the available module sizes of 
1.1 m2, 4.0 m2 and 10 m2 by respectively 54 tubes, 190 tubes and 460 tubes of 1 meter 
length. A typical tubular module consists of a large number of tubes manifolded in series. 
The permeate is removed from the lumen side of each tube and sent to a permeate 
collection header. A drawing of a tubular system is shown in Fig. 2.8. 
 





2.2.4.3 Spiral-wound modules 
 
The spiral-wound module is also used for membranes with the simple configuration of flat-
sheets, but this system increase the packing density remarkably to 300-1000 m2/m3 as 
compared to the plate-and-frame module. Therefore, it is not surprising that spiral-wound 
modules are the more widely used configuration throughout the industry. As described in 
Fig. 2.9, the system consists of membrane envelopes wound around a central core of a 
perforate collecting tube. In operation, the feed flows outside membrane envelopes, while 
the permeate moves toward the center of the module and is removed through the central 
collector.  
 






2.2.4.4  Hollow fiber modules 
 
Hollow fiber modules are designed in two basic geometries. The first one is designed for 
the shell-side feed applications described in Fig. 2.10a. In this system, a closed bundle of 
fibers is assembled in a pressure vessel. The feed is provided from the shell side and the 
permeate passes through the fiber wall and is removed from the open fiber ends. This 
design allows the high packing of a large number of fibers. However, since the fiber wall 
must suffer a considerable hydrostatic pressure, the fibers generally have small diameters 
and thick walls, typically 50-µm internal diameter and 100- to 200-µm outer diameter. 
The second design of hollow fiber modules is the bore-side feed type described in Fig. 
2.10b. In this design, the fibers are open at both ends and the feed is circulated through 
their lumen side. To minimize pressure drop inside the fibers, their diameters are larger 
than those of the fibers used in the shell-side feed design. These fibers are called capillary 
fibers and feed pressures are usually limited to below 150 psig. 
 
Figure  2.10 Schematic drawing of hollow fiber modules: A) Shell-side feed and B) Bore-







2.2.4.5  Module selection 
 
The selection of the suitable membrane module type for a particular membrane separation 
must consider a number of factors. Some of them are related to module design parameters 
summarized in Table 2.2 [20]. Cost, despite important, is difficult to estimate because it 
depends not only on module design but also the type of applications and the total required 
product volume. In general, the modules for high-pressure applications are more expensive 
than those for low-pressure or vacuum applications. In addition, the same modules 
produced in large volumes are typically cheaper than the ones produced in lower numbers. 
Comparison in the term of cost indicates that hollow fiber modules are significantly 
cheaper than spiral-wound or plate-and-frame modules. However, this design of modules 
can only be economically produced for very high volume applications, and hence it is not 
suitable for small industries. In addition, such a comparison is only effective if the hollow 
fiber and flat-sheet membranes have an equivalent flux. An estimate of module 
manufacturing cost is tabulated in Table 2.2; and the selling price is typically two to five 
times higher. 
 










Manufacturing cost (US$/m2) 5-20 10-50 5-100 50-200 50-200 
Concentration polarization fouling 
control 
Poor Good Moderate Good Very good 
Permeate-side pressure drop High Moderate Moderate Low Low 
Suitability for high-pressure 
operations 
Yes No Yes Yes Marginal 
Limitation to specific types of 
membrane materials. 





Two other factors affecting the choice of module designs are concentration polarization and 
resistance to fouling. Among module designs, hollow fiber modules are notoriously prone 
to concentration polarization and fouling problem. Fortunately, these two phenomena are 
likely to be negligible in pervaporation process and hence hollow fiber modules are still a 
potential candidate for module selection. Another factor is the flexibility of modules used 
for various membrane materials. Almost all membranes can be fabricated in the flat-sheet 
form used in plate-and-frame, spiral-wound and tubular modules, but many membrane 
materials cannot be formed into hollow fine fibers or capillary fibers. Finally, the suitability 
of the module design for high-pressure operations and the issue of pressure drops on the 
feed and permeate sides of the membrane can also be important factors. 
 
For pervaporation process, since the pressure drops the permeate side of the membrane 
must be small, both spiral-wound modules and plate-and-frame systems are usually in use. 
Despite their high cost, plate-and-frame systems are competitive in this pervaporation 
application because they can be operated at high temperatures with relatively aggressive 
feed solutions while spiral-wound modules might fail under such conditions. In addition, 
capillary fiber modules can be introduced if product manufacture requires pervaporation 
systems at large scales.  
 
2.3 Operation factors affecting transport in pervaporation 
 
According to the solution-diffusion model for pervaporation process, the permeability of 
the permeate across a membrane is a combination of its diffusivity and solubility, which 





conditions such as feed composition, operation temperature, permeate pressure, etc. As 
one/all of these conditions change, the physicochemical properties of membranes such as 
membrane morphology, free volume size and its distribution alter significantly, leading to 
the change in diffusion rate of permeating components.  
2.3.1  Feed composition 
 
The composition of feed mixture has significant effects on not only driving force but also 
intrinsic membrane properties since both diffusivity and solubility are concentration 
dependent. A certain membrane typically has a higher affinity towards one certain 
component in the feed. When the concentration of this component increases, its sorption 
amount into the membrane would be larger, resulting in an increase of the polymer chain 
mobility. This causes the decrease in permeation activation energy for all components in 
the feed and hence facilitates all their transport. As a consequence, the permeation rate 
increases but the separation factor decreases. This phenomenon is also called as swelling 
effect. This effect is undesirable because it causes the decrease in both separation 
performance and stability.  
 
In addition, the change in feed composition results in the change in interaction between the 
dissolved species in the membrane as well as interaction among species in the feed. This 
interaction influences on the upstream partition and hence the permeation of each 
component in the feed because their transport is determined by their local concentration in 






2.3.2  Operation temperature 
 
Varying the operating temperature may cause the changes in permeation of each component 
in the feed through its effects on the following factors: 
 
1) The partial pressure of permeants. 
2) The solubility of the permeants into the membrane. 
3) The free volume of the polymeric membrane. 
4) Permeant-permeant and permeant-membrane interations. 
 
The increase in temperature typically increases the partial pressure of permeants and hence 
the driving force. Moreover, the diffusivity of each component of each component also is 
improved due to the increased free volume created by the higher mobility of polymer 
chains. As a result, the flux always increases with the increase in temperature. However, the 
observed trend of the separation factor is not necessarily consistent. It may increase or 
decrease depending on the mutual interaction of various component pairs in the feed. 
2.3.3  Downstream pressure 
 
The downstream pressure directly affects the partial vapor pressure of a component at the 
downstream side of a membrane and hence governs its driving force across the membrane. 
The downstream pressure should be maintained as low as possible to achieve the maximum 
driving force. In addition, the low downstream pressure is also essential to keep a high 





However, a costly input energy is required to maintain the low downstream pressure and 
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3.1.1  Polymers 
 
Pebax 2533 was purchased from Atofina Chemicals, France while Ultem® 1010 
polyetherimide was purchased from GE plastics. The copoly(1,5- naphthalene/3,5-benzoic 
acid-2,2'-bis(3,4-dicarboxyphenyl) hexafluoropropanedimide (6FDA-NDA/DABA)  was 
synthesized using monomers 2,2'-bis (3,4-dicarboxyphenyl) hexafluoropropane dianhydride 
(6FDA), 1,5-naphthalene diamine (NDA) and 3,5-diaminobenzoic acid (DABA) with two 
different diamine (NDA/DABA) ratios according to the reported method elsewhere [1]. The 
inherent viscosity of the synthesized polyimide was approximately 0.6 dL/g, measured by a 
Schott Gerate AVS360 Viscometer. The abbreviations PI-9/1 and PI-7/3 were used to 
represent the synthesized polyimide with NDA/DABA ratios of 9:1 and 7:3, respectively. 
The employed monomers, 6FDA from Clariant company, NDA from Acros Organics 
company and DABA from Alrich company were purified by vacuum sublimation before 
usage. The chemical structures of Pebax 2533 and Ultem® 1010 are illuminated in Fig. 3.1 
and Fig. 3.2, respectively; while the synthesis route of 6FDA-NDA/DABA polyimide is 






Figure  3.1 Molecular structures of Pebax and components of Pebax 2533: A) Pebax, B) 







































Figure  3.3 Synthesis route of 6FDA-NDA/DABA polyimide  
 
3.1.2  POSS particles 
 
Three types of POSS nanoparticles (AL0136, SO1440 and AM0273) were supplied by 
Hybrid Plastics Inc., USA. The particle size is about 2 nm. Their chemical structures are 





































































Figure  3.4 Chemical structures of A) AL0136, B) SO1440 and C) AM0273 
 
3.1.3  Other chemicals and solvents 
 
N-methyl-pyrrolidone (NMP) of analytical grade from Merck was distilled at 80 oC under 
vacuum before synthesis usage. Cross-linking agents, ethylenediamine (EDA), p-
xylenediamine (XDA), ethylene glycol (EG) and 1,4-benzenedimethanol (BDM) (as in Fig. 
3.5) as well as other chemicals, acetic anhydride, triethylamine, chlorosulfonic acid, 
tetrahydrofurane (THF), dimethyl sulfoxide (DMSO), dichloromethane, ethanol, 1-butanol, 



















3.2 Preparation of flat-sheet dense membranes 
 
The solvent casting technique was used to prepare the Pebax/POSS flat-sheet membranes. 4 
wt.% Pebax/1-butanol solution is prepared in a sealed bottle under constant agitation at 80 
oC, and then kept at 70 oC overnight to eliminate trapped air bubbles. In order to achieve 
good dispersion of POSS nanoparticles in solutions and in the resultant membrane at the 
molecular level, a 2 wt.% POSS/1-butanol solution was prepared separately before mixing 
with the Pebax solution. The mixed solution was poured into Teflon dishes and left in a 
fumehood to evaporate the solvent at room temperature for 3-5 days. After that, the flat-
sheet membranes were peeled off and dried in a vacuum oven at 50 oC for about 24 hours. 
The schematic procedure of Pebax/POSS membrane preparation is shown in Fig. 3.6. The 
resultant dense flat-sheet membranes had a thickness of around 20 µm measured by a 
Mitutoyo micrometer. 
 





Flat-sheet polyimide membranes were prepared by casting pre-filtered 5 wt% polyimide in 
THF solutions onto silicon wafers and leaving them in a fume hood to evaporate the solvent 
at room temperature for 3-5 days. After that, the flat-sheet membranes were peeled off 
carefully and dried in a vacuum oven at 200 oC for about 24 hours. The resultant dense flat-
sheet membranes had a thickness of around 20 µm measured by a Mitutoyo micrometer. 
 
3.3 Membrane modification 
3.3.1  Thermal and diamino cross-linking modifications of polyimide membranes 
 
For the thermal cross-linking, a simple thermal treatment at a temperature of 425 oC was 
applied on the as-cast polyimide dense membranes for 30 min with a heating rate of 5 
oC/min from room temperature in a CenturionTM Neytech Qex vacuum furnace. 
Consequently, the membranes were cooled down naturally in the furnace to room 
temperature before tests.  
 
As to diamino cross-linking, the as-cast polyimide dense membranes were immersed into a 
1.65M diamine solution in methanol for a stipulated period, and then washed in fresh 
methanol to remove residual diamine solution, followed by air drying at room temperature 
for about 24 hours. The cross-linked membranes were annealed under vacuum for 30 min at 
elevated temperatures (in the range of 100–200 oC), and then naturally cooled down.  
3.3.2  Preparation of diol cross-linked polyimide membranes 
 
Another chemical cross-linking method employed is via the reaction of pendant carboxylic 





reported by Wind et al. [2]. The monoesterification reaction was carried out for 18 hours in 
NMP with p-toluenesulfonic acid as catalyst at a ratio of 5 mg per gram polymer at 140 °C 
under a continuous nitrogen purge. The 40-70 times (based on the molar ratio with DABA) 
excess of the diol amount was used to make sure the reaction equilibrium shifted toward the 
formation of the ester. After that, the polymer solution was left to cool down to room 
temperature, precipitated in methanol and then washed and dried at 70 °C under vacuum for 
24 hours. The dried polymer was then dissolved in THF at 5 wt% and cast into films on 
silicon wafers. The as-cast films were annealed at elevated temperatures (at 200 oC or 300 
oC) under vacuum for 30 min to activate the cross-linking reaction via transesterification. 
3.3.3  Polyimide sulfonation  
 
Fig. 3.7 shows the flowchart of the polyimide sulfonation reaction. This procedure was 
developed with some modifications from Li and Chung’s work [3]. Dichloromethane was 
used as the solvent of the reaction since chlorinated solvents were reported as the effective 
media for sulfonation [4]. The nitrogen purge provided a non-moisture environment to 
inhibit the side reactions caused by the fast decomposition of chlorosulfonic acid. The 
sulfonated polyimide was abbreviated as SPI. 
 
The degree of sulfonation (DS) and ion-exchange capacity (IEC) (by sulfonic groups) of 
the sulfonated polymer were determined via the acid–base titration method [3]. The equal 
pre-weighed amounts of the dry sulfonated polyimide and the dry original polyimide were 
dissolved in DMSO and the solutions were then titrated using a 0.01N NaOH solution. IEC 
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where CNaOH is the molar concentration of the NaOH solution; VNaOH,1 and VNaOH,2 are the 
titrated NaOH solution volumes for the sulfonated polyimide and for the original polyimide, 
respectively; Wdry is the weight of the dry polymers and M is the molar weight of the 
original polymer. 
 
Figure  3.7 The flowchart of the polyimide sulfonation reaction 
 
3.4 Spinning process and module fabrication of hollow fiber membranes 
 
The spinning procedure had been described in details elsewhere [5] and the spinning 





PI/SPI/Ultem® hollow fiber preparation. The 29 wt% PI/NMP solution was selected for the 
outer layer because the critical concentration of the PI/NMP solution is about 27 wt% as 
depicted in the viscosity–concentration curve in Fig. 3.8. Generally concentrations near or 
higher than the critical value are chosen for the fabrication of gas/pervaporation membranes 
to produce a “quasi-dense” selective skin layer with less defects [5-6]. In order to prepare 
the dope solutions containing POSS particles, a certain amount of POSS particles were 
firstly added into NMP and fully dissolved before supplementing the polymer. For 
PI/SPI/Ultem® hollow fibers, the outer dope is the solution of the PI/SPI blend with the 
SPI amount of 0 – 4.5 wt%. The ready dope solutions were poured into syringe pumps 
(ISCO 1000) and were degassed naturally overnight. A mixture of 95/5 (wt/wt) NMP/water 
was employed as the bore fluid to create a porous inner surface due to delay demixing. The 
hollow fiber was spun by simultaneous co-extrusion of the dope solutions and bore fluid at 
specified flow rates through a triple-orifice spinneret and subsequent phase inversion in a 
coagulation bath of tap water with a pre-set air gap. The coagulation bath was kept at a low 
temperature of 10 oC for the hollow fibers containing sulfonated polymers to increase the 
precipitation rate of the outer surface [7]. The nascent fibers were transported through 
rollers in the coagulation bath, taken up by a rotating drum, cut in segments and rinsed in a 
tap water bath for 3 days. They were then solvent-exchanged successively by methanol and 
hexane three times, each for 30 min, and subsequently dried naturally in air. The schematic 
spinning procedure was presented in Fig. 3.9. 
 
The pervaporation modules were fabricated by loading one fiber into a perfluoroalkoxy 





effective length of the modules was around 16 cm. Both ends of the modules were then 
sealed with epoxy and cured at room temperature for 24 h before pervaporation tests. 
 
Table  3.1 The spinning parameters of the PI/SPI/Ultem® dual-layer hollow fiber 
membranes 
Parameters Range of variables 
Outer-layer dope solution (wt.%) NMP:(6FDA-polyimide/POSS) (71:29)  
(POSS loading in the polymer: 0-2.5 wt%) 
Inner-layer dope solution (wt.%) NMP:Ultem® (Ultem® content: 22.5-25 wt%) 
Bore fluid (wt.%) NMP:water (95:5) 
Dimensions of spinneret (mm) OD1/OD2/ID (1.20/0.97/0.44) 
External coagulant Water 
Temperature (◦C) Ambient 
Outer-layer dope flow rate (ml/min) 0.5; 0.3 
Inner-layer dope flow rate (ml/min) 3.5; 2 
Bore fluid flow rate (ml/min) 2 
Air gap distance (cm) 3 
Take-up speed (m/min) 15  
 
 
































Table  3.2 The spinning parameters of the PI/POSS/Ultem® dual-layer hollow fiber 
membranes 
Parameters Range of variables 
Outer-layer dope solution (wt.%) NMP:(PI/SPI) (71:29)  
(SPI amount in the blend: 0-4.5 wt%) 
Inner-layer dope solution (wt.%) NMP:Ultem® (75:25) 
Bore fluid (wt.%) NMP:water (95:5) 
Dimensions of spinneret (mm) OD1/OD2/ID (1.20/0.97/0.44) 
External coagulant Water 
Temperature (◦C) 10 
Outer-layer dope flow rate (ml/min) 0.3 
Inner-layer dope flow rate (ml/min) 2 
Bore fluid flow rate (ml/min) 2 
Air gap distance (cm) 3 
Take-up speed (m/min) 15  
 
 





3.5 Post-treatments of hollow fibers 
 
For thermal treatment, the fiber was placed in a vacuum oven and annealed at 120 oC for 2 
h. For PDMS coating, the fibers were immersed in a hexane solution containing 3 wt% 
PDMS for a period of time (0-6 min) and then dried in air for 2 days. For POSS 
modification, the fiber was immersed in a POSS 2.5 wt%/ethanol solution for a duration of 
2 h, dried in air for 5 min and then thermally treated in a vacuum oven at 100 oC for 12 h. 
 
3.6 Pervaporation study 
3.6.1  Pervaporation study for flat-sheet membranes 
 
The pervaporation set-up was a stirred batch static cell as depicted in Fig. 3.10. The 
effective area of the membrane was 15.2cm2. A feed solution about 300 ml was added into 
the cell in contact with one side of the membrane. The other side of the membrane was 
connected with a vacuum pump to keep the downstream pressure < 1 mbar. The feed was 
ethanol aqueous solutions with 5 ~ 20 wt% ethanol concentration for ethanol recovery or 85 
wt% ethanol concentration for ethanol dehydration. The feed temperature was maintained 
constant during a whole pervaporation operation, from 25 oC to 65 oC, by using a thermal 
couple and a heat control system. Retentate and permeate samples were collected after the 
membrane being conditioned for about 2 hours. The permeate was then condensed into a 






Figure  3.10 The stirred batch static cell for pervaporation process 
 
3.6.2  Pervaporation study for hollow fiber membranes 
 
A laboratory scale pervaporation unit for hollow fiber membranes was employed and the 
details of the set-up have been described as in Fig. 3.11. A 85 wt% ethanol solution was 
used as the feed and its composition varied less than 0.5 wt% during the entire experiment 
and therefore can be considered as constant. The operational temperature was from 45 to 75 
oC. The permeate pressure was kept less than 1 mbar by a vacuum pump. The feed solution 
was under a turbulent regime to reduce concentration polarization and temperature 
polarization. The feed flow rate was maintained at 0.5 l/min for each module. For each 
pervaporation run, 2-hour conditioning of the system was done to ensure that the membrane 
was stabilized before sample collections. After conditioning, about 3-4 permeate samples 
were collected within 6-10 hours by condensing the permeate vapor into a cold trap 






Figure  3.11 Schematic layout of the pervaporation apparatus for the hollow fiber 
membranes 
 
3.6.3  Pervaporation performance evaluation 
 
The composition of the feed and the permeate were analysed by a Hewlett-Packard GC 
7890 A with a HP-INNOWAX column (packed with cross-linked polyethylene glycol) and 
a TCD detector. The total flux J was calculated using the following equation: 
 ( = )*+  (3.3) 
where Q, A and t are the total mass of the permeate, effective membrane area and operating 
time, respectively. Separation factor is defined by the equation below: 





where subscripts 1 and 2 refer to ethanol and water, respectively; yw and xw are the weight 
fractions of component in the permeate and feed, respectively.  
 
As for the evaluation of intrinsic properties of a specific permeant-membrane system, 
permeability (or permeance) and selectivity are more representative and accurate since they 
significantly decouple the effect of process parameters on the performance evaluation. The 
detailed examples of using permeability and selectivity in calculations and applications 
have been elucidated by previously published work of Chung’s group [8-9]. Based on the 
solution-diffusion mechanism, membrane permeability Pi of each component in the feed 
can be calculated as the following equation:  
 /0 = ( 1.2,3γ3345,2,36 (3.5) 
where l is the membrane thickness, xn,i and yn,i are the mole fractions of the component i in 
the feed and in the permeate, respectively, γi is the activity coefficient, pisat is the saturated 
vapor pressure, and pp is the permeate pressure. The activity coefficient γi and the saturated 
vapor pressure 7089+  were determined by the Wilson equation and the Antoine equation, 
respectively, with the aid of the AspenTech Process Modelling software (version 7.2) [8]. 
The partial vapor pressure of each component at the feed side can be expressed in terms of 
fugacity (fi) as shown below: 
 :0 = ;<,0γ07089+ (3.6) 
The driving force for component i to transport through the membrane is the difference of its 
partial vapor pressures at the feed side and permeate side and can be written as follow: 





The ideal membrane selectivity β is defined as the ratio of the permeability coefficients or 
the permeances of component i relative to component j: 
 β = ?3?@ (3.8) 
In this work, the permeate pressure is kept very low (close to zero), so the last term in Eq. 5, 
yn,ip
p, can be ignored. The driving force of the component is therefore only determined by 
its feed fugacity. Under such a condition, the relationship between the weight-based 
selectivity and separation factor of a pervaporation process can be expressed as follows 
[10]: 
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where M1 and M2 are the molecular weights of the two components; subscripts i and j refer 
to the two components to be separated in the feed mixture. 
 
3.7  Material and membrane characterization 
3.7.1  Membrane morphology and topology 
 
The cross-section morphologies of the membranes were observed by using a JSM-6700F 
field emission scanning electron microscope (FESEM). The pre-dried membranes were 
fractured in liquid nitrogen, placed on the stubs which had been covered with the double-
sided conductive carbon adhesive tape and then stored under vacuum before coated with a 





The surface morphology of the membranes was also investigated using an Olympus BX50 
PLM. The PLM micrographs were further analyzed by Image Pro Plus 3.0 software. 
 
The surface topology of the membranes was examined using a Nanoscope IIIa atomic force 
microscope (AFM) from Digital Instruments Inc by scanning the membranes at a rate of ∼1 
Hz using the tapping mode. The roughness of membrane surface in terms of root-mean-
square (RMS) deviation was achieved via the software Nanoscope V5.30r2. 
3.7.2  Chemical composition and structure 
 
The chemical structure of the membranes was characterized using FTIR (Fourier transform 
infrared spectroscopy) (Bio-Rad FTS 135) over the range of 700-4000 cm-1 in the 
attenuated total reflectance (ATR) mode. FTIR analyses of POSS particles were also 
performed in a transmission mode for comparison. The spectra were obtained with an 
average of sixteen scans with a resolution of 1-2 cm-1.  
 
The chemical structure of the membranes was also determined by 1H NMR analyses. A 
Bruker 400 FT-NMR spectrometer at a resonance frequency of 400 MHz was used and 
samples were dissolved in deuterated dimethylformamide. The chemical shifts were given 
in parts per million units. 
 
The surface chemical compositions of the membranes were determined using X-ray 
photoelectron spectroscopy (XPS) (AXIS HSi spectrometer) with the monochromatized Al 





of 40 eV. All core-level spectra were obtained at a photoelectron take-off angle of 90 o with 
respect to the sample surface. 
 
SEM-EDX (scanning electron microscope- energy-dispersive X-ray spectroscopy) was 
carried out to investigate the element distribution across the membranes by using a JEOL 
JSM-6360LA with 60-second coating time. 
3.7.3  Glass transition temperature 
 
The glass transition temperatures (Tgs) of the membranes were analysed with a Mettler-
Toledo DSC 822e differential scanning calorimeter (DSC). The membranes were dried 
under vacuum at 50 oC overnight before the measurement to eliminate adsorbed water. The 
analysis was performed over the temperature range of -80 ~ 40 oC using a heating rate of 
20 °C/min and a nitrogen purge of 25 ml/min. The Tg value is taken as the middle of the 
slope transition in the DSC curve. 
3.7.4  Thermal stability 
 
Thermogravimetric analysis (TGA) was used to study the thermal stability of the 
membranes, using a TGA Shimadzu instrument with a ramp of 10 °C/min from 50 to 
800 °C under a N2 purge of 100 ml/min.  
3.7.5  Membrane color 
 
The membrane color density was determined through their UV spectra which were 





3.7.6  The intersegmental distance 
 
Wide-angle X-ray diffraction (XRD) measurements were carried out to measure the 
intersegmental distance of polymer chains by using a Shimadzu XRD-6000 X-ray 
diffractometer at room temperature using the CuKα radiation wavelength (λ = 1.54 Å) at 
40 kV and 30 mA. The average intersegmental distance of polymer chains (d-space) were 
reflected by the broad peak centering on each X-ray pattern, and calculated by the Bragg’s 
equation as follows: 
  nλ = 2dsinθ (3.11) 
where n is an integer (1,2,3, .), λ represents the X-ray radiation wavelength, and θ is the X-
ray diffraction angle of the peak. 
3.7.7  Contact angle measurement 
 
The contact angle of the membrane surface was measured by using a Ramé-Hart Contact 
Angle Goniometer (model 100-22) at room temperature. Deionized water droplets of about 
10 µL were introduced by a Gilmont microsyringe onto the membrane surface. For each 
membrane, 8-10 various points on the surface were chosen to measure the water contact 
angles and the average value was taken. 
3.7.8 Gel content measurement 
 
The gel content of cross-linked membranes was measured by extracting the insoluble 
fractions of the films immersed in THF for 24 hours and drying them in vacuum at 120 °C 
for about 1 day. The weights of the films before and after extraction were measured to 





 Gel	content	(%) = 	MM  100% (3.12) 
where w2 and w1 are the weights of the insoluble fraction and the original cross-linked film, 
respectively. 
3.7.9 Solvent sorption test 
 
The pre-dried membrane strips were weighed before they were immersed into sorption 
solutions, which were kept in a closed vessel at 60 oC until equilibrium was reached. The 
swollen membrane strips were then taken out, blotted with tissue paper and then weighed in 
a closed container. The degree of sorption of the membrane was calculated by the equation: 
 !PQRPP	S:	TSR7UVSW = X4XYXY  (3.13) 
where ms and mo are the weights of the swollen and the dry membranes, respectively. 
3.7.10  Vapor sorption test 
 
The vapor sorption of solvents into the membranes was carried out at 45 oC in a vapor 
sorption device. The operating procedure was described in details in previous studies [11] 
and the schematic of the sorption set-up was shown in Fig. 3.12. The strip of a pre-dried 
dense membrane with a pre-determined thickness was hung in a quartz spring, provided by 
Deerslayer (Houston, TX), in a vapor sorption chamber. The quartz spring is non-rotating 
with a spring constant of 0.21 mm/mg and a max load of 50 mg. The membrane was then 
vacuumed for overnight to completely remove any adsorbed moisture during the membrane 
mounting step. Thereafter, a nitrogen/solvent vapor mixture was generated at 45 oC by 





saturated solvent vapor was stored in a 10 L vapor tank with a gauge pressure of 5 psi. The 
whole vapor generation process was carried out in a temperature controlled chamber. The 
solvent vapor in the vapor tank was then equilibrated with the sorption chamber and the 
sorption process was started. Meanwhile, the movement of the quartz spring was tracked by 
a charge-coupled device (CCD) camera supplied by Basler (Pilot series: piA2400). The 
sorption curve was then further analyzed to obtain vapor permeation properties of the 
membrane. 
 
Figure  3.12 The schematic of the vapor sorption set-up 
 
3.7.11  Positron annihilation spectroscopy (PAS) 
 
Positron annihilation spectroscopy (PAS) has been considered as an advanced tool to 
analyze the free volume properties in polymer materials [12]. There are several types of 
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annihilation lifetime spectroscopy (PALS), doppler brloadening energy spectroscopy 
(DBES), aged momentum correlation (AMOC) and angular correlation of annihilation 
radiation (ACAR) [12]. Among them, PALS and DBES are the two most useful methods to 
characterize the pore size of dense membranes and the mean depth profile of asymmetric 
membranes, respectively.  
 
In this study, the flat dense membranes were characterized by bulk PALS. Fig. 3.13 shows 
the schematic diagram of the bulk PALS system. A 22Na isotope was used as the source of 
positrons and sealed in Kapton® films. The flat-sheet membranes were cut into pieces with 
the dimension of 1 cm x 1 cm and the thickness of the membrane at each side of the source 
was about 0.5 mm. Positron lifetime was measured as the time difference between the 1274 
keV gamma quanta (start signal) and the 511 keV gamma quanta (stop signal) generated by 
the annihilation of positronium. The ortho-Positronium (o-Ps) lifetime τ3 (ns) was analyzed 
by a computer program PATFIT and used to calculate the mean free-volume radius R (Å to 
nm) based on an established semiempirical correlation equation [13-14] from a spherical-
cavity model: 
 τZ = 0.5  ]1 − ^^_∆^ + π TVW ` π^^_∆^ab

 (3.14) 






Figure  3.13 Schematic diagram of the bulk PALS system, and the inset indicates the 
sample packing structure. (CFD: Constant Fraction Discriminator; TAC: Time to amplitude 
converter; MCA: Multi channel analyzer) 
 
Meanwhile, the mean depth profiles of dual-layer hollow fibers were characterized by 
DBES using PAS coupled with a slow positron beam. 22Na isotope with the energy of 50 
mCi was used as a positron source. The hollow fiber samples were aligned tightly along the 
axis direction on an aluminum plate. Two layers of fibers were packed to ensure a seamless 
surface. A more detailed description of the setup can be found elsewhere [15]. The mean 
implantation depth (Z in nm) of a fiber cross-section was correlated with the incident 
positron energy (E in keV) by the following equation:  







Where ρ is the density of the polymer material in g/cm3.  R parameter, which is defined as 
the ratio of the total counts from valley regions with an energy width between 364.2 keV 
and 496.2 keV (due to 3γ annihilation) to the total counts from the 511 keV peak region 
with a width between 504.35 keV and 517.65 keV (due to 2γ annihilation), was fitted in a 
3-layer or 4-layer model using the computer program VEPFIT. 
3.7.12  Mechanical properties 
 
The mechanical strength of the membranes was tested using an Instron 5542 Material 
Testing Instrument at room temperature (25 oC) and 80 % relative humidity. Each sample 
was clamped at the both ends with an initial gauge length of 15 mm and width of 5 mm. A 
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4 CHAPTER FOUR 
PEBAX/POSS MIXED MATRIX MEMBRANES FOR ETHANOL RECOVERY 
FROM AQUEOUS SOLUTIONS 
 
4.1 Introduction  
 
Energy is one of major global issues due to the escalating demand but depleting supplies of 
conventional nonrenewable resources, i.e. fossil fuels. Sustainable alternative fuels have to 
be developed to lessen the world’s reliance on oil and relieve the negative environmental 
impact from fossil fuel combustion. Among many alternative energy resources, biofuel is 
emerging as an important renewable resource in recent years, for bolstering energy security 
and sustainability, and lowering greenhouse gas emissions [1]. A major challenge 
associated with biofuel development and application is the availability of efficient 
separation and purification techniques, which typically accounts for at least 40% (up to 
80%) of the total process cost [2]. Among various biofuels, bioethanol is the dominant 
biofuel in the global energy market, particularly in Brazil and U.S. Bioethanol is typically 
produced from biomass by fermentation. Since microorganisms are inhibited by ethanol, 
the productivity of batch-mode fermention is low. The dilute fermentation broth also causes 
environmental problems involved with the excessive amount of waste water removed from 
the distillation columns. In order to eliminate ethanol inhibition, many devices such as 
adsorption, liquid-liquid extraction, perstraction, gas stripping and pervaporation have been 
developed to integrate into a fermentation system in a continuous mode, which is 
impractical by coupling with distillation [3]. Adsorption results in the unwanted removal of 





stripping provides a low rate of ethanol removal. Pervaporation with ethanol-selective 
mebranes is therefore a more appropriate method to remove ethanol from dilute aqueous 
fermentation broths. Integrating pervaporation process into fermentation system improves 
fermentation productivity, substrate uptake rate and prodution rate, due to the reduction in 
the inhibition effect by the end-product ethanol. 
 
In order to achieve high flux and high selectivity, most ethanol-selective membranes are 
made of polydimethylsiloxane (PDMS) [4-6], poly[1-(trimethylsilyl)-1-propyne] (PTMSP) 
[7-10], their derivatives [11-12] and PVDF [13]. Polyether-block-amide (Pebax) has 
recently been studied to remove ethanol from aqueous solutions since it provides the 
comparable permselectivity of organic solvents [14-15]. Pebax is a group of copolymers 
including hard polyamide (PA) segments and soft polyether (PE) segments. In Pebax 
molecules, PA segments promote mechanical strength while PE segments provide good 
affinity to organic solvents. Depending on the nature and proportion of PA and PE 
segments, the characteristics of the Pebax polymer can be varied. Generally, the higher 
proportion of the flexible PE segment, the more organophillic the Pebax polymer is. 
Among commercially available Pebax polymers (2533, 3533, 4033, 1657, 1740), Pebax 
2533 has the highest content of PE segment. It is therefore expected to have the highest 
hydrophobicity and the best separation capacity for the removal of organic compounds 
from aqueous solutions.  
 
With the rapid development of nanotechnology, the studies of mixed matrix membranes 
(MMMs) have attracted much attention in the last decade. The combination of individual 





MMMs, which makes them a group of promising materials for pervaporation separations. 
Common organic nanoparticles used in biofuel separations include silicalite [6, 15], zeolite 
[5, 16-19], silica [4], carbonaceous particles [20], magnesium oxide [21], and show 
facilitating effects to enhance the pervaporation separation performance. However, the 
development of mixed matrix membranes is still constrained by the severe agglomeration 
of the small nanoparticles, therefore limiting their selective function. The agglomeration 
phenomenon may create delamination on the interface between the polymer matrix and 
agglomerated nanoparticle phase, and result in defects [22-24]. The solution to prevent 
nanoparticles from agglomeration is therefore an important step to fabricate an ideal MMM. 
Tailoring external surface of nanoparticles with various chemical modifications [25-29] and 
designing molecular-level MMMs using cyclodextrin have been proposed [30-31]. 
 
In recent years, polyhedral oligomeric silsesquioxane (POSS) has been explored as a 
nanoparticle filler to fabricate molecular-level mixed matrix membranes [32-38]. POSS is a 
kind of cage-like molecules with a molecular formula of [RSiO3/2]n, n = 6-12, where R can 
be various types of organic groups such as alkyl, olefin, alcohol, acid, amine, epoxy and 
sulfonate. Unlike common nanoparticles, POSS is very flexible and can be functionalized 
with various groups attached to the apex silicon atoms, which provides a high possibility of 
its good compatibility with diverse polymer matrices at the molecular level. As an effective 
nanoparticle filler, the incorporation of POSS into polymers not only enhances physical and 
mechanical properties, but also improves the thermal and oxidation resistance, as well as 
rheological properties of the MMMs [32-34]. These outstanding characteristics make POSS 





industries [39], waveguide [40] and laser applications [41] in addition to pervaporation [42, 
43].  
 
Nevertheless, the studies on POSS-containing MMMs for pervaporation applications are 
still very limited [42-43], especially there are no studies on biofuel recovery. In this 
chapter, two types of POSS particles were employed to be incorporated into the Pebax 2533 
matrix to fabricate Pebax/POSS MMMs for pervaporation recovery of ethanol from 
aqueous solutions: octa(3-hydroxy-3-methylbutyldimethylsiloxy) POSS (AL0136) and 
disilanolisobutyl POSS (SO1440). Hydroxyl groups of AL0136 molecules may form the 
intermolecular hydrogen bonding with the oxygen atoms of the Pebax polymers, resulting 
in a good dispersion in the polymer matrix at the molecular-level; while siloxyl groups are 
expected to have some interactions with ethanol molecules to facilitate their transport 
through the membrane. The Si-OH groups in the incomplete condensed framework of 
SO1440 may form interactions with the polymeric matrix and the feed components, and 
isobutyl groups at apex silicone atoms are expected to increase hydrophobicity of the 
nanoparticles. The pervaporation performance of the Pebax/POSS MMM in this work are 
benchmarked with other Pebax-based membranes for ethanol recovery as shown in Table 
4.1, which shows the incorporation of the POSS nanoparticles exhibits significant 
improvement in the separation performance of the Pebax membranes. Therefore, the 
purposes of study in this chapter are to (1) explore if POSS AL0136 and SO1440 
nanoparticles can form MMMs with the Pebax matrix at the molecular-level; (2) investigate 
their membranes performance for ethanol recovery via pervaporation; and (3) study the 
fundamental science bridging POSS chemistry, MMM fabrication and morphology, 





and roadmap for the fabrication of POSS-containing MMMs in the application of biofuel 
recovery via pervaporation.   
 
Table  4.1 A comparison of pervaporation performance of Pebax membranes for ethanol 
recovery 











Dense Pebax membrane 23 5 117 2.5 [14] 
Silicalite-filled Pebax/PAN 
membrane 60 5 1650 4.0 [15] 
Dense POSS/AL0136-filled 





4.2 Results and discussion  
4.2.1  Characterizations of the MMMs 
4.2.1.1  Cross sectional morphology of the membranes 
 
Different from most other nanoparticles, both types of POSS nanoparticles are soluble in 
several solvents. 1-Butanol was chosen to dissolve AL0136 and SO1440 nanoparticles in 
this study, homogeneous and clear solutions can be formed. No aggregation is observed 
when the POSS/butanol solution is mixed with the Pebax/butanol solution, and the mixed 
solution still remains homogeneous and clear. This may indicate a good dispersion of POSS 
particles in the polymer matrix at a molecular-level. Fig. 4.1 shows the SEM images of 
Pebax/AL0136 membranes with the POSS content varying from 0 to 10 wt.% . All 
membrane morphologies are dense and homogenous, and no bulky agglomeration is 
observed up to 10 wt.% POSS loading even at a high magnification of 20,000, which is 






Figure  4.1 Cross-section morphologies of Pebax/AL0136 membranes with different POSS 
loadings 
 
4.2.1.2  Interaction between POSS particles and the Pebax matrix 
 
Since a POSS loading of 2 wt.% in the Pebax membrane is too little to be detected by FTIR, 
Pebax/POSS membranes with 20 wt.% POSS loading were prepared for FTIR analyses. 
The infrared spectra of neat Pebax, POSS and Pebax/POSS membranes in the region 1600-
1700 cm-1 and 900-1350 cm-1 are shown in Fig. 4.2a and Fig. 4.2b, respectively. The two 
absorption bands in Pebax, the H–N–C=O near 1640 cm-1 and the –C–O– at 1100 cm-1 are 
particularly sensitive to the hydrogen bonding. In Fig. 4.2a, the peak at 1635 cm-1 for POSS 
is assigned to the O–H group bending vibration, while the band at 1637 cm-1 for Pebax 
corresponds to the stretching vibration of the H–N–C=O group. Incorporating POSS in 
Pebax shifts the H–N–C=O stretching vibration band from 1637 cm-1 to 1634 cm-1, 
indicating the existence of the intermolecular hydrogen bonding between H–N–C=O 
groups in Pebax and O–H groups in POSS. Similar phenomena have also been reported by 





stretching vibration of the –C–O– group while the bands at 1091 cm-1 in AL0136 and 1107 
cm-1 in SO1440 correspond to the Si–O–Si stretching vibration. It can be seen that the band 
of the –C–O– group shifts to a low frequency in the Pebax/POSS mixed matrix membranes, 
particularly for the Pebax/SO1440 membrane, where the band shift can be clearly observed 
from 1100 cm-1 to 1095 cm-1. This is also a proof of the hydrogen bonds between–C–O– 
groups in Pebax and O–H groups in POSS. These FTIR results suggest that the interaction 
between POSS particles and Pebax polymer may occur through the hydrogen bonding. 
 
 
Figure  4.2 FTIR spectra of neat Pebax, POSS and Pebax/POSS membranes in wavenumber 
ranges of (A)1600-1700 cm-1 and (B) 900-1350 cm-1 
 
4.2.1.3  DSC characterization  
 
Tg is an important index to estimate chain flexibility or rigidity of polymer materials. Table 





types of POSS nanoparticles. These two types of MMMs show a common trend that the 
incorporation of POSS into Pebax membranes can firstly lower and then increase Tg with 
an increase in POSS loading. A similar Tg trend has been observed between Pebax MH 
1657 and POSS AL0136 and CA0298 nanoparticles, but the POSS loadings for the 
occurring of the lowest Tg are slightly different from the current study [38]. The single Tg 
for each MMM and the variation of Tg values upon POSS introduction indicate that the 
mixing of the POSS and Pebax polymer chains is in a molecular level. 
 
Table  4.2 Tg values (oC) of Pebax/POSS membranes with various POSS types and loadings 
POSS type  
POSS loading (wt%) 
0 1 2 3 5 10 
AL0136  -68.4±0.5 -70.1±0.4 -71.9±0.2 -68.2±0.5 -67.2±0.5 -66.6±0.4 
SO1440  -68.4±0.5 -70.2±0.5 -72.4±0.6 -71.7±0.3 -69.1±0.4 -67.5±0.3 
 
The decrease in Tg values with the 2 wt.% loading of POSS is because that the addition of a 
small amount of the POSS nanoparticles may cause the disruption of inherent organization 
of polymer chains; therefore reduce polymer strength and enhance the accessible free 
volume in the matrix. Nonetheless, the introduction of POSS nanoparticles more than 2 wt% 
causes an increase in Tg. The mobility of polymer chains may be constrained by the 
hydrogen bonding interaction between the oxygen atoms on Pebax polymer chains and the 
hydroxyl groups on POSS molecules, which is illuminated by the FTIR spectra as 
aforementioned. In addition, the hydrogen bonding between POSS molecules and the Pebax 
matrix may hinder torsional motions of the chain segments, resulting in an increase in chain 





4.2.1.4  Swelling and sorption properties of the membranes 
 
The transport mechanism of a solvent across a dense nonporous membrane is generally 
described by the solution-diffusion model. The mass transport comprises three main 
consecutive steps; namely, sorption of the permeation species from the feed solution to the 
membrane surface, diffusion of the permeation species across the membrane, and 
desorption of the permeation species to the other side of the membrane [44-46]. Among 
them, sorption of feed components in the pervaporation membrane is a critical step and is 
strongly related to the membrane affinity with the permeants. Sorption may cause swollen 
membrane structure and loosen polymer chain packing, thus facilitating the penetrant 
diffusion and resulting in a poor selectivity. Sorption of a molecule in a membrane is 
generally affected by characteristics of the molecule (such as size, polarity and solubility 
parameters), properties of the membrane (such as free volume and the proportion of 
amorphous regions in the membrane), and mutual interactions among the membrane and 
solvent molecules [45-47]. 
 
Table 4.3 summarizes the 45-day sorption data of POSS-filled Pebax membranes in pure 
water, pure ethanol and an aqueous solution of 5 wt.% ethanol at room temperature as a 
function of POSS type and loading. Both neat Pebax membranes and the MMMs 
containing POSS have very low water uptakes and much higher ethanol uptakes, which 
confirm that Pebax membranes and Pebax/POSS MMMs have higher sorption selectivity 
towards ethanol. In addition, a small amount (2-3 wt.%) of POSS nanoparticles in the 
polymer matrix results in a maximum degree of sorption, while a further increase in POSS 





previous discussion in Section 3.1.3 of the effect of POSS loading on Tg values of the 
resultant MMMs, but also corresponds well with the pervaporation performance of the 
Pebax/POSS MMMs which will be discussed in the following section.  
 
Table  4.3 Sorption data of Pebax/AL0136 and Pebax/SO1440 dense films in pure water, 
pure ethanol and ethanol/water mixture 
Membrane 
               Degree of sorption 
Sorption                   (wt%)  
 solution     
POSS loading (wt%) 
0 1 2 3 5 10 
Pebax/AL0136 
Pure water 0 0.5 0.9 0.2 0 0 
Pure ethanol 63.0 65.8 69.6 68.8 65.4 56.4 
Ethanol/water (5/95) 0.5 1.6 2.9 1.8 1.1 0.5 
Pebax/SO1440 
Pure water 0 0.3 0.5 0.2 0 0 
Pure ethanol 63.0 64.4 66.7 68.3 63.7 60.0 
Ethanol/water (5/95) 0.5 0.9 1.2 1.4 1.0 0.8 
 
As aforementioned, the addition of a small amount of POSS nanoparticles may enhance 
free volume in the polymer matrix and therefore facilitate higher degrees of sorption for 
water and ethanol molecules. However, a further increase in POSS content may bring out to 
closer POSS-polymer chain interactions and hinder the stretching of polymer chains in the 
solvent solution, thus decreasing the membrane swelling as well as the degree of sorption.  
In addition, a higher degree of sorption is observed in Pebax/AL0136 MMMs than in 
Pebax/SO1440 MMMs. This is due to the fact that the hydroxyl and siloxyl groups of the 
former have stronger interactions with both ethanol and water molecules through hydrogen 
bonds and van de Waals interaction. On the contrary, the isobutyl groups of the latter have 
a certain degree of water repellence and the interaction with the ethyl group of ethanol 





both types of MMMs in the ethanol/water (5/95) mixture are low, they may not swell 
significantly when facing the feed solution during pervaporation operations.  
4.2.2  Effects of POSS loading on pervaporation performance 
 
Fig. 4.3 shows the effects of POSS loading on pervaporation performance of the MMMs 
for ethanol recovery from a 5 wt.% ethanol aqueous solution. The highest performances for 
both Pebax/AL0136 and Pebax/SO1440 MMMs are achieved at 2 wt.% POSS loading, 
where both the flux and the separation factor reach the maximum values. These 
performance results correspond very well with the sorption and Tg data discussed in the 
previous section. The maximum permeation flux is achieved at 2 wt.% POSS loading 
because of increased free volume and enhanced interactions between the solvents and 
POSS nanoparticles in the membrane. A higher amount of POSS particles does not lead to 
a higher flux because of the higher intermolecular interactions between the matrix and the 
POSS nanoparticles that increases transport resistance and decreases permeation flux. 
Pebax/AL0136 membranes exhibit a higher flux than Pebax/SO1440 membranes due to the 
higher sorption capacity towards the solvents of the former. 
 
 
Figure  4.3 Effect of POSS loading on performamce of Pebax/POSS membranes for ethanol 




















































Interestingly, the separation factor and flux show synchronous changes with the addition of 
POSS in this study. This unique separation factor vs. flux relationship is opposite to the 
common trade-off sense where an increase in total flux is accompanied by a sacrifice in 
separation factor. The maximum separation factors of 4.6 and 4.1 are reached at 2 wt.% 
POSS loading for the Pebax/AL0136 and Pebax/SO1440 membranes, respectively. The 
synergistic separation performance arises from the fact that the 2 wt.% POSS not only 
opens up micro-voids at the particle-polymer interface to facilitate ethanol transport, but 
also induces preferential sorption of the membrane towards ethanol to enhance separation 
factor. As a result, the effect of a higher hindrance of ethanol transport compared to water 
transport because of their molecular size difference (van der Waals radii of 0.46 nm vs. 
0.32 nm) is minimized [48]. Nonetheless, a further increase in POSS loading would 
generate tortuous pathways across the membrane [27], which is not favourable for the 
diffusion of larger molecules. Consequently, the ethanol/water selectivity decreases with 
higher amounts of POSS nanoparticles. Pebax/AL0136 membranes tend to have a higher 
selectivity compared to Pebax/SO1440 membranes because AL0136 has higher affinity 
towards ethanol than SO1440.  
4.2.3  Effects of feed concentration on pervaporation performance 
 
Pebax membranes with 2 wt.% AL0136 loading which show high separation performance 
were further investigated to understand their pervaporation performance as a function of 
feed composition and feed temperature. Fig. 4.4 shows that the component fluxes and the 
total flux increase with an increase in ethanol feed concentration. As written in Eq. 3.5, a 
membrane flux is governed by the membrane intrinsic permeability and the external driving 





transports are feed-concentration dependent. Table 4.4 shows their activity coefficients and 
feed fugacity as a function of mole fraction. A higher mole fraction of ethanol leads to a 
lower activity coefficient, but the corresponding feed fugacity for ethanol increases sharply 
with increasing feed ethanol concentration. As a result, a higher ethanol concentration in 
the feed produces a higher ethanol flux. However, inconsistence is observed between the 
slight decrease in feed water fugacity and the slight increase in water flux at higher feed 




Figure  4.4 Effect of feed ethanol concentration on permeation fluxes of Pebax/AL0136 
membranes for ethanol recovery using various aqueous ethanol solutions at room 
temperature 
 
In order to look for the real reasons behind the flux variation with feed concentration, we 
calculate the membrane’s permeability and selectivity according to Eqs. 3.5 and 3.9. By 































MMMs as a function of feed concentration. The ethanol permeability decreases slightly 
with feed ethanol concentration and almost reaches a plateau at ethanol concentration above 
10 wt.% while water permeability increases constantly with feed ethanol concentration. 
This phenomenon may be caused by the coupling effect between ethanol and water 
transports. The coupling effect, the permeation of one component through a membrane can 
be positively or negatively influenced by the permeation of other feed components, is often 
observed in pervaporation processes for a multi-component feed system [49].  
 
Table  4.4 Effect of feed ethanol concentration on activity coefficients and feed fugacities 












Ethanol Water Ethanol Water Ethanol Water Ethanol Water 
5/95  0.020 0.980 6.36 1.00 
8.147 3.534 
1.046 3.469 
10/90  0.042 0.958 5.42 1.01 1.842 3.410 
15/85  0.065 0.935 4.67 1.02 2.460 3.356 
20/80  0.089 0.911 4.06 1.03 2.950 3.306 
 
 
Figure  4.5 Effect of feed ethanol concentration on ethanol and water permeabilities of 



































As aforementioned, the Pebax/AL0136 MMMs are hydrophobic and have higher affinity 
towards ethanol than water. At higher ethanol concentrations, more ethanol molecules are 
in contact with the polymer matrix. This would cause a higher degree of membrane 
swelling and result in a higher water permeability. However, the ethanol permeability still 
drops slightly. This surprising phenomenon may be attributed to the formation of water-
water, water-ethanol and ethanol-ethanol clusters with the aid of hydrogen bonds [50]. 
Since these clusters have larger kinetic diameters and have much reduced diffusivity, 
ethanol clusters withstand more than water clusters, leading a decrease in corresponding 
ethanol permeability. Therefore, it can be concluded that the increase in ethanol flux of the 
Pebax/AL0136 MMMs with feed ethanol concentration comes from an increase in driving 
force for ethanol transport across the membrane, while the increase in water flux is due to 
the coupling effect as well as small sizes of water molecules and its clusters. 
 
Fig. 4.5 also shows an interesting phenomenon that water permeability is actually higher 
than ethanol permeability over the whole ethanol feed concentration range studied in this 
work, indicating that the intrinsic property of the membranes is still water-selective. This is 
mainly because of a much smaller molecular size of water and the resultant dominant 
diffusivity selectivity of the membrane towards water in spite of its sorption selectivity 
towards ethanol. Therefore, a high driving force for ethanol transport plays an important 
role for the preferential permeation of ethanol across the Pebax/POSS membranes. In 
addition, Fig. 4.6 shows that both ethanol/water separation factor and selectivity decrease 
with an increase in ethanol concentration. Furthermore, the separation factor decreases 





factor is not only determined by the decreasing selectivity, but also is affected by the 
change in activity coefficients of water and ethanol molecules (as listed in Table 4.4). 
 
Figure  4.6. Effect of feed ethanol concentration on separation factor and selectivity of 
Pebax/AL0136 membranes at room temperature 
 
4.2.4  Effects of feed temperature on pervaporation performance 
 
Fig. 4.7 presents the ethanol, water, and total flux of Pebax/AL0136 MMMs as a function 
of feed temperature. The results show that all the permeation fluxes increase with feed 
temperature. The temperature dependence of the permeation flux can be analysed by the 
Arrhenius equation [51] 
 ( = (gexp	(−j/kl) (4.1) 
where Jo is the pre-exponential factor, R is the universal gas constant, T is the operating 
temperature, and EJ is the apparent activation energies of permeation flux which 
characterizes the overall temperature dependence of flux. The temperature dependency of 
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activation energies can be calculated from the plot. As listed in Table 4.5, the activation 
energies of permeation fluxes for ethanol and water are 21 and 16 kJ/mol, respectively. The 
positive values of activation energies reflect permeation fluxes increasing with temperature 
as shown in Fig. 4.7. Generally, the increased flux is often explained by the increase in 
thermal motions of polymer chains, more accessible free volume in the polymer matrix, and 
the enhanced diffusion coefficients of the permeating molecules [16, 45].  
 
 
Figure  4.7 Effect of feed temperature on permeation fluxes of Pebax/AL0136 membranes 
for ethanol recovery from a 5 wt.% aqueous ethanol solution 
 
















































Table  4.5 Apparent activation energies of flux and permeability for Pebax/AL0136 
membranes 
 EJ (kJ/mol) EP (kJ/mol) 
Ethanol  21.0 -17.0 
Water  16.0 -26.0 
 
However, the above explanation may not be fully adequate and perhaps misleading unless 
we consider the effects of feed temperature on membrane intrinsic property and external 
driving force separately. As indicated in Eq. 3.5, the permeation flux is governed by two 
combinative factors; namely, (1) membrane intrinsic property, i.e., permeability (or 
permeance for asymmetric membrane) and (2) external factors, i.e., permeants’ driving 
forces. According to Eq. 3.7, the driving force for each component is determined by its feed 
fugacity if the permeate pressure is negligible. By definition, fugacity is a product of mole 
fraction, activity coefficient and saturated vapor pressure. Even though activity coefficient 
does not vary much with temperature, saturated vapor pressure increases rapidly with 
increasing temperature, as shown in Table 4.6. As a result, an increase in temperature leads 
to a remarkable increase in driving forces and corresponding permeation fluxes. On the 
other hand, the trends of permeabilities vs. temperature as shown in Fig. 4.9 are opposite 
with those of fluxes, i.e., ethanol and water permeabilities decrease with increasing feed 
temperature. Therefore, the increase in permeation flux is mainly due to the increase in 
driving forces (saturated vapor pressures) of permeating molecules, rather than from the 







Table  4.6 Effect of temperature on ethanol and water activity coefficients and on their 
saturated vapor pressures of ethanol/water (5/95) mixture 
Temperature 
(oC)  
Activity coefficient Saturated vapor pressure (kPa) Feed fugacity (kPa) 
Ethanol Water Ethanol Water Ethanol Water 
25  6.36 1.0017 8.147 3.534 1.045 3.469 
35  6.07 1.0017 14.207 6.017 1.741 5.906 
45  5.81 1.0016 23.743 10.489 2.783 10.294 
55  5.56 1.0016 38.174 16.331 4.284 16.027 
65  5.33 1.0016 59.329 26.851 6.382 26.350 
 
Figure  4.9 Effect of feed temperature on ethanol and water permeabilities of 
Pebax/AL0136 membranes for ethanol recovery from a 5 wt.% aqueous ethanol solution 
 
Similarly, the temperature dependence of permeability is also found to follow the Arrhenius 
relationship as in Fig. 4.10 [51]: 
 / = /gexp	(−?/kl) (4.2) 
where Po is the pre-exponential factor and EP is the apparent activation energy of 
permeability. Table 4.5 lists the EP values of ethanol and water. They are -17 and -26 



































and the enthalpy of dissolution (∆HS). The former generally has a positive value, while the 
later is negative because of exothermic sorption. Since sorption reduces but diffusion 
increases with increasing temperature, the negative values of EP indicate that a more 
reduction in solubility than the increment in diffusivity for permeant transports at high 
temperatures. Similar phenomena have also been reported by previous researchers [44, 52]. 
Fig. 4.9 shows that water permeability drops more sharply than ethanol permeability at 
elevated temperatures because the former a more negative EP value than the latter.  
 
Figure 4.10 Plot of logarithm(permeability) vs. (T-1) 
Fig. 4.11 displays the temperature effects on separation factor and membrane selectivity 
and show that increasing temperature can enhance both separation factor and selectivity, 
which is consistent with the permeabilities’ trends in Fig. 4.9. The membrane selectivity 
changes from towards water to towards ethanol at the point of 45 °C. As we know, the 
membrane selectivity includes diffusivity selectivity and solubility selectivity, and the 
values and relative importance of both factors change with increasing temperature. As 






















sorption selectivity towards ethanol. Therefore, an increase in operating temperature may 
decrease diffusion selectivity but increase solubility selectivity towards ethanol. Similar 
results have also observed by López-Dehesa et. al [53]. 
 
 
Figure  4.11 Effect of feed temperature on separation factor and selectivity of 




In this study, two types of Pebax/POSS mixed matrix membranes have been studied for 
pervaporation recovery of ethanol. The following conclusions can be made:  
 
(1) Incorporating POSS particles into the Pebax 2533 polymer produces a simultaneous 
enhancement in both total flux and separation factor at 2 wt.% POSS loading. The 
enhancement may be attributed to the molecular-level dispersion of the particles in the 



















































characterizations. Pebax/AL0136 MMMs give higher performance than Pebax/SO1440 
MMMs, probably due to its higher affinity towards ethanol.  
(2) The partial fluxes and total flux increase with an increase in feed ethanol concentration. 
The enhanced fluxes are mainly due to the increase in the driving force of the transport 
across membrane. The increment in water permeability and the reduction in ethanol 
permeability are ascribed by the positive coupling effect due to ethanol swelling and by 
the formation of ethanol-ethanol clusters, respectively. Accordingly, increasing ethanol 
component in the feed results lower both the separation factor and the selectivity. 
(3) Since an increase in operating temperature results in an increase in driving force, the 
observed fluxes increase. However, both ethanol and water permeability decrease with 
the increase in the operating temperature because of the decrease in permeants’ sorption. 
Increased temperature also enhances the membrane separation factor and selectivity due 
to the enhanced polymer chain mobility, free volume and solubility selectivity inside 
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5 CHAPTER FIVE 
SYNTHESIS, CROSS-LINKING MODIFICATIONS OF 6FDA-NDA/DABA 
POLYIMIDES MEMBRANES FOR ETHANOL DEHYDRATION VIA 
PERVAPORATION 
 
5.1 Introduction  
 
For bioalcohol dehydration, membrane pervaporation is a potential process because of its 
energy efficiency and environmental benignity [1-2]. Based on the solution-diffusion 
transport mechanism for pervaporation process, high selectivity and permeability can be 
achieved if one component in the feed has a higher affinity to the membrane material and a 
smaller molecule size to diffuse faster across the membrane than others. For pervaporation 
dehydration, researches in the early stage have been focused on highly hydrophilic 
polymeric membrane materials, such as polyacrylic acid (PAA), poly(vinyl alcohol) (PVA), 
chitosan, etc, which have a higher affinity with water molecules than with organic 
molecules [3-7]. However, these membranes generally have weak mechanical strength and 
low stability due to the severe membrane swelling in aqueous solutions, leading to a 
significant decrease in selectivity. Except polymeric membranes, inorganic membranes 
based on silica, alumina or zeolites have gained more and more attention in recent years for 
biofuel separation [8-9]. Since they are not subjected to any solvent-induced swelling and 
have a superior thermal, chemical and mechanical stability, they typically exhibit a greater 
selectivity and flux than most polymeric membranes, especially for some specific 
separations in harsh environments [10]. However, the high cost and low processiblity of 





Emerged as one potential candidate of polymeric membrane materials for pervaporation 
dehydration, polyimide possesses attractive mechanical properties, excellent thermal 
stability as well as good chemical resistance to most organic solvents [11-18]. They have 
also been reported to show good selectivity towards water, ascribed to the hydrogen 
bonding interaction of imide groups with water molecules. In addition, the most important 
advantage of polyimide is that by careful selection of suitable monomers (dianhydrides and 
diamines) for its syntheses, its chemical structure and therefore its final separation 
performance as a membrane material could be manipulated and optimized according to the 
separation target. 
 
However, in spite of the low degree of swelling for polyimide membranes in aqueous 
solutions compared to most conventional materials, the swelling might still spoil the 
pervaporation performance significantly. Various modification techniques of polyimide 
materials have been explored by researchers in order to achieve a stable membrane 
performance. Among them, cross-linking is a simple and efficient way to improve the 
membrane performance. It can be carried out by thermal treatment or using a chemical 
agent as bridges among polymer chains. Thus, the polymer chain mobility is constricted; 
the size and the number of free volume in the material are redistributed. The effects of 
cross-linking modification on membrane permeability and selectivity are strongly 
dependent on polymer molecular structure, cross-linking agent and cross-linking method. 
For polyimides, diamino cross-linking method was the most common method. It was first 
conducted by Hayes [19], and extensively explored by Chung’s group [20-23] for gas and 
pervaporation membranes with improved performance by using various diamines. For 





linking [27-31] have also been investigated. Thermal cross-linking is one kind of 
decarboxylation-induced cross-linking reactions at a sufficiently high temperature; while 
diol cross-linking involves the esterification reaction between diol agents and pedant 
carboxylic groups. All the cross-linking modifications are proved to be efficient to enhance 
membrane performance through tightening the membrane structure and restricting the 
membrane swelling. However, although many researches on chemical cross-linking of 
polyimides have been developed during the last 2 decades, there are no studies to head-to-
head compare the effectiveness of various cross-linking approaches on polyimide 
membranes for pervaporation dehydration. 
 
Therefore, in this study, a novel 6FDA-NDA/DABA polyimide is synthesized and modified 
via three different cross-linking methods — thermal, diamino and diol cross-linking, for 
pervaporation dehydration of ethanol/water mixtures. 6FDA-NDA/DABA is synthesized 
from 2,2'-bis (3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) and two types 
of diamine, 1,5-naphthalene diamine (NDA) and 3,5-diaminobenzoic acid (DABA). The 
fluorine groups –CF3 in 6FDA and the bulky spatial structure of NDA are expected to 
prevent compact chain packing and result in a larger free volume of the synthesized 
polyimide and higher diffusion coefficients of the permeants. The DABA monomer could 
increase water solubility because of the interaction between the carboxyl groups of DABA 
moieties and water molecules via hydrogen bonds. In addition, the introduction of carboxyl 
groups opens up a great number of ways for post-treatments or modifications of the 
polyimide in order to improve its separation performance for dehydration application. For 
the diamino modification, two cross-linking agents — ethylenediamine (EDA) and p-





rigid cross-linker. For the diol cross-linking, ethylene glycol (EG) and 1,4-
benzenedimethanol (BDM) are selected as cross-linking agents correspondingly based on 
the similar principle, in order to compare the efficiency of diamino and diol cross-linking 
modifications on pervaporation performance of the 6FDA-NDA/DABA membrane.  
 
The main purposes of this study are to: (1) synthesize 6FDA-NDA/DABA polyimide 
material for pervaporation dehydration of ethanol solutions through a suitable selection of 
monomers; (2) study the effects of various cross-linking modifications on morphology and 
physicochemical properties of the resultant polyimide membranes; (3) investigate the 
membrane performance for ethanol dehydration via pervaporation as a function of the 
cross-linking modification. We believe this work can provide useful database for the 
synthesis and cross-linking modifications of polyimide materials as membranes in the 
application of solvent dehydration via pervaporation; and valuable insights for future work 
on next-generation pervaporation membranes.   
 
5.2  Results and discussion  
5.2.1  Characterizations of the synthesized polyimide membranes 
 
To confirm the successful synthesis of 6FDA-NDA/DABA polyimide, FTIR 
characterizations of PI-9/1 and PI-7/3 are carried out as shown in Fig. 5.1. The typical 
doublet bands of C=O group stretching bands in the imide group at 1718 cm-1 (asymmetric 
stretch) and 1783 cm-1 (symmetric stretch) [21, 32-33] are observed clearly. Other 
characteristic peaks of imide groups shown here still include: C–N stretching at 1354 cm-1, 





groups at 714 cm-1 [21]. The NDA moiety can be recognized by characteristic bands of the 
naphthalene structure. They have strong peaks at 783 cm-1 and 1415 cm-1 due to the 
disubstituted naphthalene structure and the out-of-plane vibrations of three adjacent H 
atoms, respectively [34]; weak peaks in the range of 1450 cm-1 to 1650 cm-1 from the C=C 
stretching [21]. In addition, the NDA moiety also has various peaks in the region 1000-
1400 cm-1 (including a strong peak at 1166 cm-1) [34]. The DABA moiety is generally 
indistinguishable because of the vibration of the O–H groups at the broad range of about 
3100-3600 cm-1 [35]. Therefore, its intensity is very low in Fig. 5.1 due to the small amount 
of DABA in the polyimides and the wide range of the O–H vibration. 
 
 






Two other important characteristics of the synthesized polyimides are d-space which 
describes the intersegmental distance among polymer chains, and water contact angle 
which shows the membrane hydrophilicity/hydrophobicity. Table 5.1 shows that the 
average d-space of PI-9/1 and PI-7/3 are 5.91 and 5.70, respectively; and their contact 
angles are 103.3o and 101.4o, respectively. Compared to most commercial polyimides such 
as P84, Ultem® 1010, Torlon® 4000TF and Matrimid®, the 6FDA-NDA/DABA 
polyimides in this study have much higher d-space and hydrophobicity (as listed in Table 
5.1). The large d-space is attributed to the existence of the NDA moiety with a bulky spatial 
structure and the hexafluoroisopropylidene groups in 6FDA. Both factors results in a looser 
chain packing and a larger free volume in the molecular structure of the synthesized 6FDA-
NDA/DABA polyimides. The high hydrophobicity is ascribed to hydrophobic aromatic 
naphthalene of NDA moiety and the low surface energy of fluorine groups in 6FDA moiety. 
PI-7/3 has a lower contact angle than PI-9/1 due to its higher content of highly polar 
carboxylic groups in the polyimide. 
 
Table  5.1 Physical properties of the 6FDA-NDA/DABA polyimides in this study as 
compared to some other commercial polyimides [16]. 
Polyimide Contact angle (o) d-space (Å) 
Ultem® 1010 92.6 4.8 
Torlon® 4000TF 87.3 4.3 
Matrimid® 91.4 5.5 
P84® 82.7 4.9 
PI-9/1 103.3 5.9 





5.2.2  Polyimide membranes with thermal cross-linking 
 
Thermal treatment can change membrane morphology and physicochemical properties such 
as roughness, color, pore size and its distribution, contact angle and sorption characteristics 
as a result of chain relaxation and rearrangement. A thermal treatment at a sufficiently high 
temperature may also induce cross-linking reactions among some polymers, such as the 
polymers containing carboxylic groups. The reaction mechanism of the thermally induced 
cross-linking among this kind of polymers was proposed by Qiu et al. [24] as in Fig. 5.2, 
where the carboxylic groups of two adjacent DABA moieties react at high temperatures to 
form an anhydride under vacuum. The anhydride is subsequently decarboxylated by 
releasing a CO2 molecule and a CO molecule to form two phenyl free radicals. The 
resultant neighboring phenyl free radicals mutually interact to form a linkage between two 
polymer chains. This cross-linking has a significant impact on the properties and separation 




Figure  5.2 Cross-linking mechanism of the polyimide containing carboxylic groups under 
thermal treatment 
 
5.2.2.1  Characterizations of thermal cross-linking 
 
Generally, FTIR is employed in order to confirm the occurrence of material chemical 


















polyimide chains, it can only characterized by the removal of carboxylic groups which have 
a typical O–H stretching peak at about 3000 cm-1. It is difficult to be observed in FTIR 
spectra, as mentioned in the section 5.2.1. Therefore, we turn to other techniques for the 
confirmation of successful thermal cross-linking. 
 
TGA is a powerful technique to confirm the decarboxylation-induced thermal cross-linking 
in this study. Fig. 5.3a shows the thermal behavior of the original and thermally cross-
linked polyimides PI-9/1 and PI-7/3. We noticed that there exist two stages in weight loss 
of the original polyimides, while the polyimides after a thermal treatment at 425 oC don’t 
show any obvious weight loss except the major backbone degradation at about 500 oC. The 
weight loss of the original polyimides between 100 oC to 200 oC can be attributed to the 
removal of residue solvent or moisture. The 2nd-stage weight loss in the temperature range 
of 260-455 oC of the original polyimides are 0.8 wt% and 2.1 wt% for PI-9/1 and PI-7/3, 
respectively; which correspond well with the theoretical contents of carboxylic groups in 
the original polyimides. This illuminates that a thermal treatment of the membranes at 425 
oC for 30 min causes a complete decarboxylation of –COOH moieties in polyimide 
structures. In addition, in order to clarify whether this thermal treatment condition causes a 
backbone degradation of the polymer or not, we carried out an isothermal TGA for the 
original polyimide membranes. The membranes were heated up with a ramp of 10 oC/min 
to 425 oC and kept at this temperature in 30 min. Fig. 5.3b shows that this treatment 
condition only causes a slight weight loss in the beginning 5-10 minutes, which should be 
due to the removal of solvent residues and carboxylic groups. The sample weight then 
keeps a plateau in the following time during the 30-min treatment at 425 oC. This shows 





groups without degrading the polymer backbone, which corresponds to the sharp weight 
loss at about 500 °C. 
 
Figure  5.3 A) TGA curves of the original and the thermally cross-linked polyimide 
membranes and B) isothermal TGA curves of the original membranes at 425 oC for 30 min 
 
In addition, the solubility tests of the original and cross-linked polyimide membranes are 
also carried out in THF solvent. The results find that the original 6FDA-NDA/DABA 
membranes can be dissolved in the solvent within 2 hours, while the membranes thermally 
treated at 425 oC still remain insoluble even after a week, which further confirms the 
occurrence of the thermal cross-linking reaction for the thermally treated membranes. 
5.2.2.2  Pervaporation performance of thermally cross-linked polyimide membranes 
 
Table 5.2 summarizes the pervaporation performance of the polyimide membranes PI-9/1 
and PI-7/3 after a thermal treatment at 425 oC for pervaporation dehydration of 85 wt% 
ethanol solutions. For pervaporation tests in this work, we have tried the original 





swelling in the feed solution. Surprisingly, membranes treated at 450 oC become too fragile 
to be tested for pervaporation process possibly due to partial oxidation and carbonization. 
  
Table  5.2 Pervaporation performance of 6FDA-NDA/DABA polyimide dense membranes 
with thermally induced cross-linking for ethanol dehydration 
Membrane Water in permeate (wt%) Total flux (g/m2h) Separation factor 
PI-9/1-425 oC 95.5 133.4 119.0 
PI-7/3-425 oC 95.0 158.7 106.7 
 
In contrast to other polymer systems where thermal treatments usually result in membranes 
with low fluxes, the 6FDA-NDA/DABA dense membranes after thermally treated at 425 oC 
exhibit impressive high fluxes (> 100 g/m2h) and acceptable separation factors (> 100) with 
a water permeate concentration of approximately 95 wt% as illustrated in Table 5.2. The 
results also show that the polyimide membrane with a higher molar ratio of carboxylic 
groups (PI-7/3) has a higher flux and a lower separation factor. 
 
The high flux of the thermally treated 6FDA-NDA/DABA membranes is obviously 
attributed to the increase in free volume of the membranes through the release of carboxylic 
groups during thermally induced cross-linking. This is proved by XRD characterization. In 
contrast to conventional thermal treatment which increases chain packing density and 
reduces free volume of polymeric membranes, Table 5.3 shows that the thermal treatment 
at a high temperature of 425 oC results in higher d-spaces as compared to the original 
membranes. The higher amount of carboxylic groups in the polyimide, the more generated 





thermally induced cross-linking, and therefore the higher the flux can be achieved. The 
enhanced free volume is also supported by Tg determination.  
 
Table  5.3 Physical properties of the original and cross-linked membranes 
Membrane 
Contact angle (o) 









PI-9/1 103.3±1.0 5.9 388 0 
PI-7/3 101.4±0.8 5.7 392 0 
Thermally cross-linked  
polyimides  
PI-9/1-425 oC 99.6±1.0 6.0 745 357 
PI-7/3-425 oC  98.8±0.6 6.0 738 346 
Diamino cross-linked  
polyimides  
PI-9/1-EDA 99.5±1.3 5.7 400 12 
PI-9/1-EDA-125 oC 97.2±1.1 5.8 442 54 
PI-9/1-XDA 101.9±0.9 5.7 397 9 
PI-9/1-XDA-200 oC 97.6±0.7 5.5 465 66 
Diol grafted  and cross-
linked  
polyimides  
PI-9/1-EG-g 102.2±0.4 5.8 389 1 
PI-9/1-EG-c-300 oC  95.8±1.1 5.9 398 10 
PI-9/1-BDM-g 106.9±0.8 5.8 388 0 
PI-9/1-BDM-c-300 oC  99.5±1.2 6.1 401 13 
g: grafted, c: cross-linked 
 
On the other hand, the good separation factor of the thermally cross-linked 6FDA-
NDA/DABA is probably attributed to the combined effect of the successful cross-linking, 
the enhanced hydrophilicity and the formation of charge transfer complexes (CTCs). As 
well known, cross-linking among polymer chains can restrain the swelling of pervaporation 





and the CTC formation can enhance the membrane solubility selectivity and diffusivity 
selectivity, respectively. 
 
The improvement in membrane hydrophilicity is ascribed to the fact that the high-
temperature thermal treatment can smoothen membrane surface and decrease the surface 
roughness [21]. The Wenzel Equation describes the relationship of the material 
hydrophilicity and its surface roughness as below [36]: 
 cos θ = RmSTθn (5.1) 
where θW is the observed contact angle on a rough surface, θY is the contact angle on a 
smooth surface of the same material, r is the roughness ratio which compares the true 
surface area of a rough surface with the area of a comparably sized smooth surface, and it is 
always larger than one. Therefore, the increase in surface roughness decreases the water 
contact angle of hydrophilic surfaces with θ  < 90o, while increases the water contact angle 
of hydrophobic surfaces with θ > 90o. In this study, the water contact angle of the 6FDA-
NDA/DABA membrane surface is larger than 90o, and thus the decrease in surface 
roughness by thermal treatment results in a decrease in water contact angle of the 
membranes, implying an increase in hydrophilicity of the membrane surface. As shown in 
Table 5.3, the water contact angles of the thermally treated membranes decrease 
remarkably, from 103.3 to 99.6o and 101.4 to 98.8o for the polyimide membranes PI-9/1 
and PI-7/3, respectively. 
 
Besides, thermal treatment of polyimides facilitates the formation of CTCs [22] which 





selectivity. These CTCs are formed by the production of phenyl free radicals and the micro-
structure rearrangement of polyimide chains during thermal treatment, which positively 
change the electron density in donors and acceptors as well as the donor-acceptor distance 
for the formation of CTCs. The existence of CTCs can be proved by a significant color 
change in membranes, and the color intensity increases with an increase in thermal 
treatment temperature. The color change also causes a red shift in UV absorption band and 
Table 5.3 summarizes their red shifts. A significant shift of the UV wavelength great than 
300 nm can be observed for the 6FDA-NDA/DABA membranes thermally treated at 425 
oC. 
5.2.3  Polyimide membranes with diamino cross-linking 
5.2.3.1  Characterizations of diamino cross-linking and post thermal treatment 
 
Diamine is a common agent employed for cross-linking modification of polyimide 
materials. Different diamines react with polyimides in diversified ways and to various 
extents. According to the mechanism proposed by Low et al. [20] as shown in Fig. 5.4, one 
amine group in the diamine molecule initially attacks and opens the imide ring and 
therefore the diamine molecule is grafted on the polyimide chain. If both two amine groups 
in the diamine molecule attacks two polyimide chains, the cross-linking bridge forms 
between the two chains. The formed amide groups are susceptible to nucleophilic attack 
and therefore readily exchange with excess amine groups in solutions, causing the scission 






Figure  5.4 Cross-linking mechanism of the 6FDA-NDA/DABA polyimide with diamines 
 
The above argument is supported by the weight gain and the gel content of diamino cross-
linked polyimide membranes as summarized in Table 5.4. The weight gain here is defined 
as the weight increase ratio of the cross-linked membrane as compared to the original one. 
The results show that, the weight gain after EDA cross-linking with a 5-min cross-linking 
time shows the maximum value, then decreases with an increase in cross-linking time, and 
the film becomes broken down after 30 min cross-linking treatment. The maximum weight 
gain indicates that the cross-linking reaction between the polyimide and EDA molecules 





linking time supports the occurrence of the chain scission mechanism during the diamino 
cross-linking, which finally erodes the film surface. Different from the EDA cross-linking 
modification, the reaction between XDA and the polyimide occurs more slowly and the 
weight gain reaches a maximum value at a cross-linking time of approximately 30 min. 
After that, a further increase in cross-linking time does not lead to a severe decline in 
weight gain, probably because the lower reactivity of XDA as compared to that of EDA 
doesn’t cause the backbone scission significantly. The main chain breakdown of the 
polyimide by the EDA agent can be illuminated by the surface roughness of the cross-
linked membranes via 3D AFM images in Figs. 5.5a and 5.5b. The surface of the EDA 
cross-linked membrane (Fig. 5.5a) shows rough and sharp nodules, while that of the XDA 
cross-linked membrane (Fig. 5.5b) is quite smooth. The mean roughness of the EDA and 
XDA cross-linked membrane are 1.625 nm and 0.641 nm, respectively. This further 
strengthens the chain scission mechanism of the polyimide by EDA. On the other hand, the 
gel content of both the membranes sufficiently cross-linked with EDA and XDA is high (> 
90 %), implying the predominance of the cross-linking reaction over the grafting reaction. 
Based on the results, the periods of 5 min and 30 min are chosen as the cross-linking time 
for EDA and XDA cross-linking of polyimide membranes for further studies, respectively. 
 
ATR-FTIR characterizations provide a distinct tool to examine the chemical changes 
between the original and diamino cross-linked polyimide membranes. Fig. 5.6 shows that, 
after the membranes are cross-linked with EDA or XDA, the characteristic peaks of imide 
groups (peaks at 714, 1087, 1354, 1718 and 1783 cm-1) become less intense; while the 
typical peaks of amide groups at 1647 cm-1 (C=O stretching) and 1521 cm-1 (C-N stretching) 





diamino cross-linked polyimide membranes reduces the intensity of the amide peaks and 
enhances the intensity of the imide peaks. The spectrum of XDA cross-linked membrane 
after a thermal treatment at 200 oC is almost similar with that of the original polyimide 
membrane. This phenomenon aligns well with the mechanism proposed by Shao et al. [22] 
that thermal treatment at a certain temperature may convert the amide groups in the cross-
linked polyimides into the imide groups again through releasing the diamine molecules.  
 
Table  5.4 Weight gains and gel contents of the cross-linked membranes with diamine 
cross-linking for various periods 
Cross-linking agent Time (min) Weight gain after cross-linking (%) Gel content (%) 
Ethylenediamine (EDA) 5 111 99.7 
10 86 99.7 
15 79 99.9 
20 79 99.8 
p-Xylylenediamine  
(XDA) 
5 101 23.8 
10 106 80.0 
15 109 92.6 
30 115 93.9 




Figure  5.5 AFM images of the topology of the 6FDA-NDA/DABA dense membrane 
modified with A) EDA for 5 min, B) XDA for 30 min, C) EDA for 5 min and then 







Figure  5.6 FTIR spectra of A) EDA and B) XDA cross-linked membranes as compared 
with the original membrane 
 
To verify the reaction mechanisms of diamino cross-linking and post thermal treatment, 
XPS and TGA analyses were also carried out. XPS results in Table 5.5 show that, with 
diamino cross-linked by EDA or XDA, the nitrogen content on the polyimide membrane 
surface increases, so the N/F ratios increase from 0.25 to 0.78 for both the membranes 
cross-linked by EDA and XDA. Here the fluorine content is not changed during cross-
linking modification and therefore the ratio N/F is used to examine the change in nitrogen 
content. However, a post thermal treatment at 125 oC for the EDA cross-linked polyimide 
and at 200 oC for the XDA cross-linked polyimide causes the drop in the N/F ratio back to 





surface. It is noticed that XPS technique is superficial to some degrees and the error caused 
by the adsorption of species is highly possible. However, since the fluorine element is 
absent in air and the nitrogen gas is inert, the observed trend of N/F ratios on membrane 
surfaces should be reliable. This trend is consistent with the FTIR results and supports the 
proposed hypothesis of the reaction mechanism as shown in Fig. 5.4 [22]. TGA curves of 
the diamino cross-linked polyimide membranes with and without post thermal treatment 
shown in Fig. 5.7 also give the same conclusion. The results indicate that the EDA and 
XDA cross-linked membranes start to degrade at about 190 oC and 220 oC, respectively. 
Thermal treatments of the cross-linked EDA membrane at 125 oC and the XDA cross-
linked membrane at 200 oC increase their degradation temperatures to around 230 oC and 
290 oC, respectively. Likewise, the higher decomposition temperatures for the cross-linked 
and thermally treated membranes are ascribed to the early release of EDA and XDA 
moieties during thermal treatments.  
 
Table  5.5 Elemental composition of the diamino cross-linked membrane surface 
determined by XPS 
Membrane F (wt%) N (wt%) N/F 
PI-9/1 (theoretical)  20.2 5.1 0.25 
PI-9/1 (experimental) 10.2 2.6 0.25 
PI-9/1-EDA 15.1 11.8 0.78 
PI-9/1-EDA-100 oC 9.7 7.2 0.74 
PI-9/1-EDA-125 oC 15.6 7.2 0.46 
PI-9/1-XDA 7.5 5.9 0.78 
PI-9/1-XDA-100 oC 8.1 5.8 0.71 






Figure  5.7 TGA curves of the diamino cross-linked membranes 
 
5.2.3.2  Pervaporation performance of diamino cross-linked polyimide membranes 
 
On contrary to the severe membrane swelling of the original polyimide membrane which 
cannot be tested for pervaporation, diamino cross-linked membranes exhibit an 
insignificant membrane swelling. Their pervaporation performance for the dehydration of 
85 wt% ethanol solutions is shown in Table 5.6. The total flux and separation factor are 
173.7 g/m2h and 28.0 for the EDA cross-linked membranes, respectively; and those are 
161.6 g/m2h and 48.6 for the XDA cross-linked ones, respectively. Post thermal treatment 
of the EDA cross-linked membranes at 100 oC enhances separation factor but causes a 





























































trend. On the other hand, thermal treatment leads to a decreasing trend in permeation flux 
and an increasing trend in separation factor for the XDA cross-linked membranes thermally 
treated in the whole temperature range of 150-200 oC. 
 
Table  5.6 Pervaporation performance of 6FDA-NDA/DABA polyimide dense membranes 
with diamino cross-linking for ethanol dehydration 
Membrane Water in permeate (wt%) Total flux (g/m2h) Separation factor 
PI-9/1-EDA 83.2 173.7 28.0 
PI-9/1-EDA-100 oC 96.5 75.4 156.0 
PI-9/1-EDA-125 oC 90.1 159.0 51.7 
PI-9/1-XDA 89.6 161.6 48.6 
PI-9/1-XDA-150 oC 92.9 76.3 73.9 
PI-9/1-XDA-200 oC 99.1 50.8 631.5 
 
In general, diamino cross-linking modification may tighten the chain-to-chain space and 
result in a smaller average d-space of polymer chains. As shown in Table 5.3, the d-spaces 
of the EDA and XDA cross-linked polyimide membranes are 5.70 Å and 5.56 Å, 
respectively, which are both smaller than the d-space of the original membrane (5.91 Å). 
This is expected to reduce the flux and improve the selectivity. At the same time, since the 
diamino cross-linking converts imide groups into more hydrophilic amide groups, it may 
enhance water sorption and cause membrane swelling leading to a flux increase and 
possibly a separation factor decrease. The increase in membrane hydrophilicity after 
diamino cross-linking is verified by a decrease in water contact angle as shown in Table 5.3, 
which are 99.5o and 101.9o for the EDA and XDA cross-linked membranes, respectively, 





Post thermal treatment after diamino cross-linking exhibits an improvement in separation 
factor for ethanol dehydration. As proved by the FTIR spectra, thermal treatment of the 
polyimide membrane converts amide groups back to imide groups. However, the properties 
of the modified membranes are not absolutely the same as the original ones since their 
micro-structure is irreversibly changed, which is the main contribution to the enhanced 
membrane selectivity towards water. To prove this, membrane hydrophilicity, the 
formation of CTCs and d-space of polymer chains are investigated.  
 
Table 5.3 shows that post heat treatment of both EDA and XDA cross-linked membranes 
leads to a decrease in the observed water contact angles. This is because of the reduction in 
surface roughness by heat treatment as verified by the AFM images in Fig. 5.5c. The mean 
roughness of the EDA cross-linked membrane thermally treated at 125 oC drops from 1.625 
nm to 0.621 nm, resulting in a much smoother membrane surface. Consequently, the 
membrane hydrophilicity is enhanced and the selectivity is improved.  
 
Similar to the thermally cross-linked membranes, high temperature treatment of diamino 
cross-linked membranes may also induce the formation of CTCs, as verified by the 
membrane color change. The formation of CTCs contributes to the densified membrane 
structure and therefore the improved separation factor. Table 5.3 shows that although the 
diamino cross-linked membranes only show a small red shift of the UV absorption band 
less than 10 nm as compared with the original ones, thermal treatment of the cross-linked 
membranes causes obvious red shifts of 54 nm and 66 nm for the EDA and XDA cross-
linked membrane with post thermal treatment at 125 oC and 200 oC, respectively. In order 





combination of diamino cross-linking and thermal treatment, annealing at a temperature of 
200 oC was carried out for the uncross-linked membranes and no obvious shift of the UV 
absorption band is observed. Therefore, the formation of CTCs arises from the combined 
effect of cross-linking and thermal treatment. It is also believed that the formation of CTCs 
not only occurs on the membrane surface but also across the whole membrane, since the 
diamino modification is carried out homogenously along the cross-section of the 
membranes as proved by SEM-EDX images. The image (not shown) illuminates that all 
elements (including C, N, F, O) distribute uniformly along the cross-section of the 
membrane and there is no obvious difference in the element distribution between the 
surface and the main body of the membranes. The homogeneous modification of the 
membrane strengthens the CTC formation and improves the separation performance of the 
membrane. 
 
The change in d-space induced by post thermal treatment also affects the membrane 
selectivity but not much. On the one hand, thermal treatment may release cross-linking 
agents, and lead to the cavity formation in the bulky polymer and a higher d-space among 
polymer chains. On the other hand, the formation of CTCs may also decrease the d-space 
value. Therefore minimal changes are resulted in the d-space of the EDA and XDA cross-
linked polyimide membranes after thermal treatment as shown in Table 5.3. Therefore, the 
improvement in the separation performance of the thermally treated diamino cross-linking 
membranes is mainly contributed by the formation of CTCs and enhanced membrane 






Another interesting phenomenon in Table 5.6 is that, the EDA cross-linked membrane with 
a higher treatment temperature at 125 oC has a severe decline in separation factor, while the 
XDA cross-linked membrane with a treatment temperature at 200 oC still shows an 
enhanced separation factor. The decline in pervaporation performance of the EDA cross-
linked membrane with a further increase in thermal treatment temperature is suspected due 
to the instability and prompt removal of the EDA cross-linked polyimide under a 
sufficiently high temperature which creates defects in the membrane and ruins the 
membrane performance.  
5.2.4  Polyimide membranes with diol cross-linking 
5.2.4.1  Characterizations of diol cross-linking 
 
Except diamine cross-linker, diol is another common cross-linker for polyimide materials 
containing carboxylic groups. The cross-linking reaction of diols and carboxylic-group 
containing molecules was perhaps first conducted by Wallace Carothers [37] for polyester 
synthesis and then applied for polymer cross-linking [27-28]. The cross-linking mechanism 
is illuminated as in Fig. 5.8. Polyimide molecules with carboxylic groups are first 
monoesterified with diols and then thermally treated to induce the transesterification 
reaction and release half diol in the monoester. The first step generates the diol grafted 
polyimides, while the second step results in the diol cross-linked polyimides. To 
differentiate the two polyimides, we use “g” and “c” to represent the diol grafted and cross-
linked polyimides, respectively. This reaction mechanism can be proved by TGA curves of 
the diol grafted and cross-linked polyimides in Fig. 5.9. The results show that, the EG and 
BDM grafted polyimides start to degrade at around 120 oC and 170 oC, respectively; while 





about 370 oC. This confirms the cross-linking mechanism in Fig. 5.8, where EG or BDM is 









Figure  5.8 Cross-linking mechanism of polyimides with ethylene glycol via esterification 
reaction 
 
















































































5.2.4.2  Pervaporation performance of diol cross-linked membranes 
 
Table 5.7 shows the pervaporation performance of the polyimide membranes with diol 
cross-linking modification for ethanol dehydration. The separation factors of the cross-
linked membranes are very low, only 3.9 and 8.2 for the EG and BDM cross-linked 
membranes, respectively with cross-linking at 200 oC. Increasing the temperature to 300 oC 
slightly improves the separation factors, which are 10.9 and 33.2 for the EG and BDM 
cross-linked membranes, respectively. The low selectivity of the diol cross-linked 
membranes may be ascribed to the high d-space in polymer chains and weak CTCs formed. 
 
Table  5.7 Pervaporation performance of 6FDA-NDA/DABA polyimide dense membranes 
with diol cross-linking for ethanol dehydration 
Membrane Water in permeate (wt%) Total flux (g/m2h) Separation factor 
PI-9/1-EG-c-200 oC 40.8 1652.7 3.9 
PI-9/1-EG-c-300 oC 65.8 332.8 10.9 
PI-9/1-BDM-c-200 oC 59.1 336.9 8.2 
PI-9/1-BDM-c-300 oC 85.4 183.4 33.2 
c: cross-linked 
The results in Table 5.3 shows that in spite of the lower d-spaces of the EG and BDM 
grafted polyimides (5.80 Å and 5.78 Å respectively) as compared to the original one (5.91 
Å), transesterification cross-linking reaction results in a significant increase in d-spaces, 
which are 5.91 Å and 6.13 Å for the EG and BDM cross-linked polyimide, respectively. 
The decrease in d-space of the diol grafted polyimides may be attributed by the fact that 
grafted diol moieties block the availability of free volumes in chains and decrease 





because of formed large cross-linking bridges. Different from the bulky diamino cross-
linking which is formed along main polymer chains, the cross-linking by diol moieties is 
via the pendant carboxylic groups, and hence the resultant cross-linking bridges are larger 
and bulkier leading to a larger d-space. For the membranes cross-linked at a lower 
temperature (200 oC), the cross-linking reaction is not complete. Hence some grafted diol 
molecules still have one free end and tends to form interactions with ethanol and water 
molecules via hydrogen bonding, resulting in membrane swelling and facilitating the 
component transports. Therefore a higher flux and a lower separation factor are achieved. 
On the contrary, although the membranes cross-linked at 300 oC have a higher d-space, the 
complete cross-linking reaction of grafted diols provides a good swelling resistance 
towards ethanol and water, contributing to an improvement in the separation factor but a 
decline in the permeation flux.  
 
Another important reason for the low selectivity of the diol cross-linked membranes is due 
to the fact that the formation of weak CTCs has no significant impact on membrane 
selectivity. Different from the thermal treatment of the diamino cross-linked membranes 
which releases diamine moieties at elevated temperatures, thermal treatment of diol grafted 
polymers facilitates the transesterification cross-linking reaction between two neighboring 
grafted diol molecules on polymer chains. The large cross-linking bridges restrict the 
polymer chain packing, increase the donor-acceptor distance between two neighboring 
chains, and obstruct the formation of CTCs. This could be indicated by a minor difference 
in the UV absorption bands of the diol cross-linked membranes and the diol grafted 





5.2.5  Comparison among the cross-linked polyimide membranes and with other 
polymeric membranes 
5.2.5.1  Pervaporation performance of ethanol dehydration 
 
Ethanol dehydration performance of the polyimide membranes with three cross-linking 
modifications are summarized and benchmarked with other polymeric dense membranes in 
Table 5.8 under similar operation conditions, and the tabulated performance data are shown 
graphically in the logarithmic plot in Fig. 5.10. Basically, the separation factors of the 
cross-linked membranes are in the order of: thermally treated diamino cross-linked 
membrane > thermally cross-linked membrane > diol cross-linked membrane, exactly 
following the order of the d-space of the cross-linked polyimide membranes; and the fluxes 
are in the opposite order. Besides the effect of the d-space change, the membrane 
hydrophilicity and the formation of CTCs are also important factors for the resultant 
membrane performance. The enhanced membrane hydrophilicity through membrane 
surface smoothening and strong CTCs formed under thermal treatment contribute to the 
good separation factors of the thermally cross-linked membranes and thermally treated 
diamino cross-linked membranes.  
 
Compared to other polymeric dense membranes, the membranes in this study exhibit 
impressive fluxes and comparable separation factors. The excellent fluxes are due to the 
two following factors: firstly, 6FDA with hexafluoroisopropylidene groups and NDA with 
bulky spatial structure are suitable monomers selected to synthesize a polyimide of a high 
free volume and a high d-space; secondly, with the inclusion of DABA unit in the chemical 





linking may occur, resulting in the cross-linked membranes with a higher d-space. In 
contrast, the good separation factors are ascribed to the efficient membrane swelling 
restriction of three cross-linking modifications. Among them, the thermally cross-linked 
polyimide membrane exhibits a high permeation flux of 133.4 g/m2h and a good separation 
factor of 119.0, far surpassing most other polymeric membranes for ethanol dehydration. 
 
Table  5.8 A comparison of pervaporation performance of polymeric dense membranes for 
ethanol dehydration 









Polyaniline  50 – 1.3 10,000 [38] 
Poly(vinyl alcohol) cross-linked with glutaraldehyde  80 30 100 96 [39] 
Poly(vinyl alcohol) plasma-treated with allyl alcohol  95.6 25 22 220 [40] 
Poly(vinyl alcohol)/sulfosuccinic acid  80 30 50 65 [41] 
Poly(acrylonitrile-co-acrylic acid)  80 30 30 10 [42] 
Sodium alginate cross-linked with phosphoric acid  90 30 35 2182 [43] 
Sodium alginate/poly(vinyl pyrrolidone) cross-linked 
with phosphoric acid  
85 30 105 50 [44] 
Sodium alginate/chitosan cross-linked with 
glutaraldehyde  
86.4 30 110 436 [45] 
Sodium alginate/poly(nisopropylacrylamide) 85 25 185 92 [46] 
Sodium alginate/poly(hydroxyethylmethacrylate) 85 30 163 147 [47] 
Chitosan/50% blend with hydroxyethylcellulose  90 60 112 10,491 [48] 
6FDA-NDA/DABA (9:1) treated at 425 oC, 30 min 85 25 133.4 119.0 This study 
6FDA-NDA/DABA (9:1)  cross-linked with XDA 
and treated at 200 oC  
85 25 50.8 631.5 This study 
6FDA-NDA/DABA (9:1)  cross-linked with BDM at 
300 oC  






Figure  5.10 Graphical representation of membrane performance data presented in Table 
5.8 
 
5.2.5.2  Mechanical properties 
 
The mechanical strength of a membrane is an important characteristic for its practical 
application. A membrane is expected to have a reasonable mechanical strength so that there 
is no excessive deformation or fracture during application. Mechanical properties are 
generally displayed in terms of tensile strength (MPa), Young’s modulus (GPa) and 
elongation at break (EAB) (%).  
 
The mechanical properties of the polyimide and its cross-linked membranes are 
summarized and compared to other hydrophilic polymeric dense membranes in Table 5.9. 
































membranes exhibit higher tensile strength and modulus while the thermally induced cross-
linked membrane shows an insignificant change. However, the elongation at break of the 
thermally induced cross-linked membrane remarkably drops from 4.8 % to 2.5 %. The post 
thermal treatment of the diamino cross-linked membrane results in a decrease in 
mechanical strength in terms of tensile strength, modulus and EAB. Generally, the 
enhancement in mechanical strength of cross-linked membranes is attributed to the 
increasing intermolecular interaction and compactness of the membranes due to cross-
linking. However, the lower EAB of the thermally induced cross-linked membrane perhaps 
is due to its increased fragility under high temperature. The decrease in mechanical strength 
of the thermally treated diamino cross-linked membrane is ascribed to the reorganization 
and reduced interaction of polymer chains due to the release of diamine molecules.  
 
Table  5.9 Mechanical properties of the polyimide, its cross-linked membranes and other 
polymeric dense membranes 







Poly(vinyl alcohol)  265.1±6.3 12.5±0.8 0.050±0.003 [49] 
Sodium alginate  5-6 61.3 3.7 [50] 
Chitosan  6.0±0.9 41.0±4.3 2.1±0.4 [51] 
Chitosan/polyanilin blend (50:50)  4.8±1.1 43.2±3.4 2.2±0.2 [51] 
6FDA-NDA/DABA (9:1)  4.8±0.7 58.4±8.2 2.3±0.3 
This 
study 
6FDA-NDA/DABA (9:1) treated at 425 oC, 30 min 2.5±0.7 58.0±4.2 2.2±0.1 
6FDA-NDA/DABA (9:1)  cross-linked with XDA 5.6±0.3 89.3±7.2 2.4±0.2 
6FDA-NDA/DABA (9:1)  cross-linked with XDA 
and treated at 200 oC  
3.8±0.7 68.9±5.6 1.5±0.2 
6FDA-NDA/DABA (9:1)  cross-linked with BDM 
at 300 oC  





Compared to other hydrophilic polymeric dense membranes, the modified polyimide 
membranes in this study are rigid and possess relatively high tensile strengths (50-90 MPa) 
and Young’s moduli (1.5-3 GPa) although their EABs are low (2-6 %). A low EAB may be 
attributed to extended chain conformation of polymers or their brittleness. In spite of their 





In this study, 6FDA-NDA/DABA polyimide was synthesized and modified by three 
different cross-linking methods: thermal, diamino and diol cross-linking for ethanol 
hydration via pervaporation. The impacts of cross-linking on separation performance and 
membrane mechanical property were investigated. The following conclusions can be drawn 
based on this study: 
 
(1) Thermal crosslinking facilitates the formation of CTCs, restricts the membrane 
swelling, increase d-space and hydrophilicity, resulting improved pervaporation 
performance in terms of flux and separation factor. 
(2) Diamino cross-linking generates the diamine bridges among polymer chains, which 
partly obstruct the swelling and stabilize the performance. Post thermal treatment 
facilitates the formation of CTCs and increases the membrane hydrophilicity, which 





(3) Diol cross-linking also restricts the membrane swelling efficiently. However, 
relatively low separation factor was obtained due to the larger d-space and weak 
CTCs caused by cross-linking spacers. 
(4) Compared to other polymeric membranes, the membranes in this study exhibit 
impressive fluxes and comparable separation factors, which are contributed by the 
selection of suitable monomers for the polyimide synthesis and effective cross-
linking modifications of the resultant polyimide. 
(5) Although the modified membranes possess low EABs, their tensile strength and 
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6 CHAPTER SIX 
THE DEVELOPMENT OF HIGH-PERFORMANCE 6FDA-
NDA/DABA/POSS/ULTEM® DUAL-LAYER HOLLOW FIBER FOR ETHANOL 
DEHYDRATION VIA PERVAPORATION 
 
6.1 Introduction  
 
For bioalcohol dehydration, pervaporation has been proved to be a promising process to 
compete with conventional separation technologies such as distillation or absorption. 
Besides its energy efficiency and environmental benignity, pervaporation can efficiently 
break the azeotropic mixture of an alcohol and water, which cannot be separated easily by a 
simple distillation process [1-4]. A successful pervaporation process requires a high 
performance membrane for biofuel separation and a suitable module for system integration. 
The separation preeminence of a pervaporation membrane is based on its high productivity, 
good selectivity and long-term stability. Numerous researches have been studied to seek for 
membrane materials which can meet these characteristics. In addition, compactness, 
flexibility and simplicity in module fabrication and in system process control also play very 
important roles in this membrane-based separation technology. 
 
Among various types of membrane configuration for pervaporation dehydration, hollow 
fiber membranes have attracted a great deal of interests from both academia and industries 
owing to theirs intrinsic advantages such as a large surface area per volume, a self-
supporting structure and a self-contained vacuum channel where a feed is supplied from the 





out on hollow fiber membranes with various hydrophilic materials such as Nafion [5], 
cellulose acetate [6], polypropylene grafted with poly(acrylic acid) [7], grafted anion-
exchange materials [8], cellulose acetate/chitosan [9] and cellulose triacetate [10] for 
pervaporation dehydration of aqueous alcohols. However, their separation performance is 
not impressive and not superior to those polymeric flat-sheet membranes and mixed matrix 
membranes. This is due to the challenges in synthesizing membrane materials with anti-
swelling resistance against aqueous alcohols and fabricating asymmetric hollow fiber 
membranes with an ultrathin defect-free selective layer. Nevertheless, dual-layer hollow 
fiber membranes with synergistic combination of polymeric materials have been recently 
demonstrated to overcome these challenges and achieve superior pervaporation 
performance [11-17]. Basically, dual-layer hollow fiber membranes are composed of two 
layers which are made of different materials. For pervaporation dehydration, the outer layer 
is often made of a higher hydrophilic but less swelling resistant polymeric material. This 
layer may be asymmetric but necessarily contains a dense-selective functional layer. 
Meanwhile, the inner layer is usually porous and made of a greater anti-swelling polymeric 
material as a mechanical support for the outer layer. Besides mitigating solvent-induced 
swelling, the dual-layer hollow fiber membrane can offer other benefits such as cost saving 
on the expensive functional material and possibly structural optimization by independent 
selection of materials for each layer.  
 
Although the application of hollow fiber membranes for isopropanol dehydration via 
pervaporation has obtained excellent separation performance [11-13, 18-22], it is 
challenging to separate ethanol mixtures because ethanol is smaller and a more powerful 





out for the ethanol dehydration using hollow fiber membranes and the results are not too 
impressive (as listed in Table 6.1) [11, 13, 23-29]. Therefore, in this study, we aim to 
develop dual-layer hollow fiber membranes consisting of copoly(1,5-naphthalene/3,5-
benzoic acid-2,2'-bis(3,4-dicarboxyphenyl) hexafluoropropanedimide (6FDA-NDA/DABA) 
and Ultem® for pervaporation dehydration of aqueous ethanol solutions. The 6FDA-
NDA/DABA polyimide was chosen as the outer layer because it is not only a water perm-
selective material but also possesses good mechanical properties and high thermal stability 
[30]. Ultem® is selected as the inner supporting layer because of its excellent swelling 
resistant characteristics as compared to other polyimides [11, 13]. Since both inner and 
outer layer materials have the imide structure in common, an adequate adhesion between 
these two layers may be achievable. 
 
To further improve the permeability and selectivity of hollow fiber membranes, a small 
amount of nanoparticles (1-2.5 wt%) is added into the outer layer to form a mixed matrix 
selective layer. The studies of mixed matrix membranes (MMMs) have attracted much 
attention in the last decade because the combination of polymers and nano-size particles 
may create synergistic materials for pervaporation separation [4, 31]. Common 
nanoparticles used in pervaporation dehydration are zeolite [32-33], silica [34] and MgO 
[35]. However, the development of desirable MMMs is not trivial because of (1) the defects 
created between nanoparticles and the matrix polymer [31, 36] and (2) the severe 
agglomeration of nanoparticles [4, 31]. Tailoring external surface of nanoparticles with 
various chemical modifications [37-39] and designing MMMs comprising cyclodextrin 
[40-42] and nano-size polyhedral oligomeric silsesquioxane (POSS) [43-49] with the 





Table  6.1 A comparison of pervaporation performance of hollow fiber membranes for 
isopropanol and ethanol dehydrations 










P84  85 60 0.88 10,585 [19] 
Polyacrylonitrile  90 25 0.19 1116 [20] 
P84/polyethersulfone  85 60 0.57 125 [12] 
Matrimid®  84 80 1.80 132 [18] 
Torlon®/P84 blend  85 60 1.00 185 [21] 
6FDA-ODA-NDA/Ultem®  85 60 0.48 2332 [13] 
Torlon® - 4000T/Ultem® 85 60 0.77 1944 [11] 
Torlon® - 4000T/polyamide TFC  85 50 1.98 349 [22] 
E
thanol dehydration 
Matrimid®  85 45 0.16 130 [23] 
Torlon® - 4000T  85 30 0.007 130 [23] 
Polyacrylonitrile/polyethylene glycol 10K 
blend  
90 25 0.35 5.7 [24] 
Coated chitosan/cellulose acetate  90 25 0.23 22.8 [25] 
Partially hydrolyzed polyacrylonitrile  95 60 0.40 > 5000 [26] 
Coated poly(viny lalcohol)/polysulfone  95 50 0.03 185 [27] 
Grafted poly(acrylic acid)/polypropylene 70 24 0.20 11 [28] 
Polyimide/Ultem® 85 60 0.49 124 [13] 
Torlon® - 4000T/Ultem® 85 60 0.66 50 [11] 
Cellulose triacetate/Ultem® 85 50 1.28 466 [29] 
6FDA-NDA/DABA/POSS/Ultem® (1) 85 60 2.20 136 This study
6FDA-NDA/DABA/POSS/Ultem® (2) 85 60 1.90 166 This study
 
POSS is a kind of cage-like molecules with a molecular formula of [RSiO3/2]n, where n = 6-
12 and R can be various types of organic groups such as alkyl, olefin, alcohol, acid, amine, 
epoxy and sulfonate. Unlike common nanoparticles, POSS is very small (about 2 nm). In 
addition, it can be functionalized with various groups attached to the apex silicon atoms, 





As a result, POSS is promising as the filler for MMMs. In particular, POSS may be more 
favorable than normal particles when incorporated in ultra-thin selective layers [50]. 
 
In this study, aminopropylphenyl POSS nanoparticles (AM0273) were incorporated into the 
polyimide selective layer. Like a typical POSS molecule, aminopropylphenyl POSS has a 
cage-like shape made of 12 oxygen atoms and 8 silicon atoms in an alternative order. One 
apex silicon atom is connected with propylamine while seven others are associated with 
phenyl groups. The amine groups of AM0273 molecules are expected to form 
intermolecular hydrogen bonding with the imide groups of the polyimide, which results in 
the uniform dispersion of POSS in the polyimide matrix. Meanwhile, the seven bulky 
phenyl groups surrounding the cage [Si8O12] may create additional free volume among rigid 
6FDA-polyimide chains and reduce the restriction for permeation. As a result, the resultant 
MMMs may have a higher flux without compromising the separation factor. The studies on 
aminopropylphenyl POSS are still very limited. Only one patent on aminopropylphenyl 
POSS-containing polyimide as an intermediate transfer media was issued [51]. 
 
To our best knowledge, there is no study on POSS-containing hollow fiber membranes for 
pervaporation. Therefore, the purposes of this work are to: (1) fundamentally understand 
the science and engineering on how to design (6FDA-NDA/DABA)/POSS/Utem® dual-
layer hollow fiber membranes for pervaporation dehydration of ethanol solutions; (2) 
investigate the effects of key spinning parameters on membrane morphology and separation 
performance with the aid of slow beam positron annihilation spectroscopy (PAS); (3) study 
the basic material and membrane science bridging POSS chemistry, formation of the mixed 





studies. This work may potentially open up a new perspective for the development of next-
generation pervaporation membranes with an ultra-thin functional selective layer for 
ethanol dehydration. 
 
6.2 Results and discussion  
6.2.1  Morphology of PI/POSS/Ultem® dual-layer hollow fiber membranes 
 
The bulk and surface morphologies of the PI/POSS/Ultem® dual-layer hollow fiber 
membrane spun from an air gap of 3 cm and a take-up speed of 15 m/min are depicted in 
Fig. 6.1. The cross-sectional images show two distinct morphologies for the outer and inner 
layers. For the outer layer, an asymmetric structure can be observed. However, the structure 
of the outer layer is quite dense and no macrovoids can be found in its overall cross-
sectional morphology. The image of outer surface exhibits a likely defect-free skin layer, 
which is desirable for pervaporation dehydration with a high selectivity. On the other hand, 
the inner Ultem® layer has a cellular structure with finger-like macrovoids. The spongy 
cellular structure provides the mechanical support while the finger-like macrovoids behaves 
as permeate transport channels to the lumen side of hollow fibers. This combination 
ensures a high dehydration flux while still supports the fibers to withstand the high vacuum 
pressure. In addition, Fig. 6.1d shows that the inner surface of the inner layer is highly 






Figure  6.1 SEM morphologies of the PI/POSS/Ultem® hollow fiber membranes at the air 
gap of 3 cm and the take-up speed of 15 m/min 
 
As shown Fig. 6.1f, there is no delamination between the outer and inner layers of the as-
spun hollow fibers. The delamination-free structure is generally considered as one of the 
key prerequisite in the dual-layer hollow fiber fabrication to ensure stable structure and 
pervaporation performance throughout the service time. This is due to the fact that hollow 
fiber membranes with interface delamination are susceptible to failure and structure 
collapse at harsh operation conditions such as high vacuum pressure or high temperature. 
The delamination-free morphology of the newly developed PI/POSS/Ultem® dual-layer 
hollow fiber membranes is attributed to the following factors: (1) good miscibility at the 
molecular level between Ultem® and PI owing to possible hydrogen bonding and structural 
similarity because both polymers are polyimide and (2) inter-diffusion of the solvent (NMP) 
and polymer chains across the interface driven by the chemical potential difference and 





for Ultem® [52] and 6FDA-NDA/DABA [Appendix A], respectively) since NMP was used 
as the solvent for both dopes.  
6.2.2  Effects of inner and outer dope flow rates on morphology and ethanol dehydration 
performance  
 
Fig. 6.2 shows the morphological evolution of PI/POSS/Ultem® hollow fiber membranes 
as a function of inner and outer dope flow rates, while Table 6.2 tabulates their effects on 
ethanol dehydration.  A comparison of Fig. 6.2a and 6.2b indicates that fibers with a thinner 
inner layer and more porous inner surface are formed at a lower inner dope flow rate. The 
reduction in inner layer wall thickness is obviously ascribed to the decrease in inner dope 
flow rate. Similar results have also been observed by Liu et al [12]. As a result, the fibers 
spun from a lower inner dope flow rate (2 ml/min) have a much higher flux compared to 
those spun with a higher inner dope flow rate (3.5 ml/min), as confirmed by Table 6.2. 
Interestingly, the change in inner dope flow rate seems to have insignificant impact on the 
structure of the outer selective layer. There are macrovoids in the outer layer near the 
interface for both fibers spun from inner dope flow rates of 2 ml/min and 3.5 ml/min. The 
formation of outward-pointed macrovoids suggests fast precipitation, unbalanced localized 
stresses and non-solvent intrusion from the coagulation bath [53]. As a result, both fibers 







Figure  6.2 SEM morphologies of the PI/POSS/Ultem® hollow fiber membranes spun with 
different inner and outer dope flow rates: A) inner dope flow rate: 3.5 ml/min, outer dope 
flow rate: 0.5 ml/min; B) inner dope flow rate: 2 ml/min, outer dope flow rate: 0.5 ml/min; 
B) inner dope flow rate: 2 ml/min, outer dope flow rate: 0.3 ml/min 
 
Table  6.2 Effects of inner and outer dope flow rates on ethanol dehydration performance 
via pervaporation 
Inner-layer dope flow 
rate (ml/min) 
Outer-layer dope 







3.5 0.5 94.8 0.9 103 
2 0.5 95.2 1.6 112 
2 0.3 96.7 1.9 166 
Bore fluid flow rate: 2 ml/min; air gap: 3 cm; take-up speed: 15 m/min; inner dope concentration: 23.7 
wt%; outer dope composition: PI/POSS (98/2) 







Surprisingly, a reduction in outer dope flow rate from 0.5 ml/min to 0.3 ml/min can 
suppress macrovoid formation in the outer layer as depicted in Fig. 6.2c. This interesting 
phenomenon is consistent with previous studies [54-55] where they found that asymmetric 
flat-sheet membranes became macrovoid-free when the membrane thickness was thinner. 
In other words, a decline in outer dope flow rate creates a thinner outer layer and leads to 
rapid phase inversion when contacting with a powerful coagulant, i.e. water. The rapid 
gelation and precipitation help reduce non-solvent intrusion and produce a macrovoid-free 
structure. As a result, the dense selective layer of this fiber has a less amount of defects 
compared to the previous two fibers and has the highest separation factor of 166. Moreover, 
an enhanced total flux is also achieved due to lower resistance from both thinner outer and 
inner layers. Clearly, the dehydration performance of dual-layer hollow fiber membranes 
can be augmented without scarifying separation factor by simultaneously lowering both 
inner and outer dope flow rates in a proper and balance range.   
 
In order to elucidate the effects of inner and outer dope flow rates on outer dense selective 
layer, the mean depth profiles of dual-layer hollow fibers were characterized by DBES 
using a slow positron beam system. Fig. 6.3 shows the evolution of R parameter as a 
function of incident positron energy (or mean depth) for the aforementioned 3 fibers. The 
large value of R parameter near the outer layer surface is probably due to back diffusion of 
positroniums. A similar phenomenon has been reported elsewhere [56-57]. The R curves 
show a drastically descending trend from the outer membrane surface and then reach a 
valley plateau which is identified as the dense skin layer. After that, the R parameter 
increases gradually with an increase in incident positron energy, which indicates a 





curves, the two following facts can be observed: (1) All three fibers spun from different 
inner and outer dope flow rates have almost the same R values at the valley plateau. This 
implies that their dense selective layers have almost the same degree of chain packing. (2) 
The fiber spun from an outer layer flow rate of 0.3 ml/min shows a much wider valley 
width, while the two fibers spun from an outer layer flow rate of 0.5 ml/min have almost 
the same valley width. These interesting phenomena are consistent with our previous 
hypotheses on morphology evolution. The thickness of dense skin layer does not increase 
with increasing inner dope flow rate, which leads to an insignificant improvement on 
separation factor as shown in Table 6.2. However, when the outer layer dope flow rate 
decreases from 0.5 to 0.3 ml/min, the thickness of dense skin layer is almost doubled and 
thus the separation factor of the resultant fiber is obviously improved to 166. 
 
Figure  6.3 R parameters from DBES for the PI/POSS/Ultem® hollow fiber membranes 
with different inner and outer dope flow rates as a function of incident positron energy (or 



















Incident positron energy (keV)
Inner dope flow rate 3.5 ml/min; outer dope flow rate 0.5 ml/min (experimental)
Inner dope flow rate 2 ml/min; outer dope flow rate 0.5 ml/min (experimental)





6.2.3  Effects of inner dope concentration on morphology and ethanol dehydration 
performance  
 
The results in the previous section show that a remarkably improved flux can be achieved 
by simultaneously decreasing substructure and dense layer resistance using smaller dope 
flow rates. Therefore, it is interesting to explore if one can further increase flux by reducing 
the inner dope concentration from 25 wt% to 22.5 wt%. Fig. 6.4 displays the SEM images 
of the resultant fibers. There are four distinct morphological changes. (1) The number of 
inner surface pores, (2) the thickness of the outer layer, (3) the interfacial delamination, and 
(4) macrovoids at the outer layer all increase or start to appear with a decrease in inner dope 
concentration. Clearly, a lower inner dope concentration not only reduces the substructure 
resistance but also affects the outer layer morphology by reducing its chain packing. In 
addition, a lower inner dope concentration will result in a higher degree of inner layer 
shrinkage during phase inversion [53]. As a result, delamination between the outer and 
inner layers may occur. The dehydration performance shown in Table 6.3 confirms our 
hypotheses. Due to a higher amount of inner surface pores and a looser substructure with a 
decrease in inner dope concentration from 25 wt% to 22.5 wt%, the flux increases from 1.6 
kg/m2h to 2.2 kg/m2h, while a looser outer layer diminishes the separation factor from 183 
to 136.  
 
Fig. 6.5 shows the evolution of R parameter of these three fibers spun from different inner 
dope concentrations and reconfirms our hypotheses. Three noticeable conclusions may be 
drawn when comparing the variations of their R parameters: (1) the fiber spun from an 





an inner dope concentration of 22.5 wt% has the smallest dense layer thickness and the 
loosest chain packing, and (3) the dense layer thickness is almost the same for the fibers 
spun from inner dope concentrations of 25 and 23.7 wt%. The lowest R value of the fiber 
spun from an inner dope concentration of 25 wt% at the plateau indicates that the resultant 
fiber have less defects and higher chain packing than other fibers. In addition, the thickness 
of dense selective layer of the hollow fiber spun from an inner dope concentration of 22.5 
wt% is about 0.56 µm which is lower than that of the ones spun from inner dope 
concentrations of 23.7 wt% and 25 wt% (both are about 0.89 µm). As a result, the fiber 
spun from an inner dope concentration of 25 wt% has a much better separation factor than 
others, as illustrated in Table 6.3.  
 
Figure  6.4 SEM morphologies of the PI/POSS/Ultem® hollow fiber membranes with 











Flux (kg/m2h) Separation factor 
(H2O/EtOH) 
25 97.0 1.6 183 
23.7 96.7 1.9 166 
22.5 96.0 2.2 136 
Bore fluid flow rate: 2 ml/min; air gap: 3 cm; take-up speed: 15 m/min; inner flow rate: 2 mL/min; 
outer flow rate: 0.3 mL/min; outer dope composition: PI/POSS (98/2) 
Feed composition: EtOH/H2O (85/15); permeate pressure < 1 mbar; operation temperature: 60 
oC  
 
Figure  6.5 R parameters from DBES for the PI/POSS/Ultem® hollow fiber membranes 
with different inner dope concentrations as a function of incident positron energy (or mean 




























6.2.4  Effects of POSS loading on morphology and ethanol dehydration performance  
6.2.4.1  Interaction between POSS particles and the polyimide matrix 
 
Since a POSS loading of 1-2.5 wt% in the polyimide membrane is too little to be detected 
by FTIR, PI/POSS membranes with 7.5-10 wt% POSS loadings were prepared for FTIR 
analyses. The infrared spectra of PI and PI/POSS dense membranes in the region of 650-
1150 cm-1 are shown in Fig. 6.6. The two absorption bands of the group C–N–C at 716 cm-1 
(bending) and 1093 cm-1 (stretching) are particularly sensitive to the hydrogen bonding. 
Incorporating POSS into the polyimide matrix shifts the C–N–C bending vibration band 
from 716 cm-1 to 712 cm-1 and the C–N–C stretching vibration band from 1093 cm-1 to 
1085 cm-1, which indicate the existence of the intermolecular hydrogen bonding between 
C–N–C groups of the polyimide and –NH2 groups of POSS. 
 
 





6.2.4.2  PI/POSS membrane morphology 
 
Different from most other nanoparticles, aminopropylphenyl POSS nanoparticles can be 
fully dissolved in NMP and form a clear and homogenous solution with PI in NMP. The 
SEM images in Fig. 6.7 show that all PI/POSS selective layers of hollow fibers with POSS 
content varying from 0 to 2.5 wt.% are dense and homogenous, and no bulky 
agglomeration is observed at a high magnification of 50,000. This is largely ascribed to the 
intermolecular interactions between the matrix and the nanoparticles via hydrogen bonding 
which is proved by FTIR curves. 
 
 
Figure  6.7 SEM morphologies of the outer surface of the outer layer of PI/POSS/Ultem® 
hollow fiber membranes comprising different POSS loadings 
 
6.2.4.3  Free volume and d-space properties 
 
The free volume properties of flat dense PI/POSS membranes were characterized by PALS. 





into polymer chains induces an increase in free volume size. This is ascribed to the 
disruption of inherent chain packing of stiff polyimide chains by POSS particles, which 
may enhance the accessible free volume in the matrix. In other words, POSS nanoparticles 
may behave like meatballs scattered among the rigid spaghetti strands that push polymer 
chains apart and increase the permeability [55]. As a consequence, the POSS embedded PI 
membrane has additional gapping holes as transport and sieve channels. Nonetheless, the 
incorporation of POSS more than 2 wt % causes a slight decline in free volume size. Fig. 
6.8 elucidates the diffusion mechanism of permeate molecules through polymer chains 
containing POSS nanoparticles. Increasing the POSS amount more than a certain value may 
not increase d-space of polymer chains anymore. The space occupied by the bulky POSS 
nanoparticles and the reduced chain motion and free volume due to hydrogen bonding 
interaction between POSS and PI molecules may lead to an overall decrease in free volume 
size as observed in Table 6.4 and an increase in diffusion path or tortuosity.   
 
Table  6.4 Effect of POSS loading on free volume size and d-space of PI/POSS dense 







R3 (Ǻ) 2θ 1 d-space 
1 (Ǻ) 











0 2.343 3.14 15.06 5.88 25.96 3.43 1.00 0.75 1.32 
1.0 2.480 3.25 15.10 5.87 25.60 3.48 1.39 0.84 1.65 
2.0 2.540 3.30 15.33 5.78 24.90 3.58 1.93 1.11 1.74 







To prove our hypothesis, XRD characterizations have been conducted. The XRD patterns 
in Fig. 6.9 exhibit two obvious peaks at around 2θ = 15° and 2θ = 25°.  The average d-
space values of PI/POSS membranes were calculated based on the Bragg's equation and 
summarized in Table 6.4. It was shown that the change in small d-space (around 3.5 Ǻ) is 
consistent with the observed trend in free volume size as well as agrees with the diffusion 
mechanism proposed in Fig. 6.9. Meanwhile, a decreasing trend in large d-space (around 
5.7 Ǻ) with the increase in POSS loading can be obtained. This phenomenon suggests that 
the incorporation of POSS is unable to open up d-spaces which are inherently large. On the 
contrary, the size of large d-spaces may be reduced due to the space occupation of POSS 
nanoparticles. These results support sieve capability of the POSS embedded PI membrane, 
where enlarging small d-spaces and narrowing large d-spaces occur simultaneously. 
Regarding to the ethanol/water system where the ethanol size is nearly in the middle value 
of the large and the small d-spaces of the membrane while the water size is smaller than the 
size of its small d-space as shown in Table 6.5, the sieve capability of the POSS embedded 
PI membrane is expected to increase its selectivity for the water/ethanol separation. 
 






volume (Ǻ3) a 
Lennard–Jones 
diameter (Ǻ)  




Ethanol  0.789 46.1 96.8 4.3-4.5 [59-60] 4.2-6.1 [63-64] 4.3-4.7 [67-69] 
Water 1 18 29.9 2.6-3.2 [60-62] b 3.2 [65-66] 2.7-3.0 [67-68,70] 
a: The molecular volume is calculated by the molecular weight divided by the density and the Avogadro number [11]. 
















6.2.4.4  Vapor sorption tests 
 
To mimic the state of solvents passing through a membrane via pervaporation, vapor 
sorption tests of a membrane have been conducted to reveal the intrinsic interaction 
between solvents in the vapor state and membrane materials [71-75]. As solvent molecules 
absorb and diffuse into the membrane, swelling occurs and changes the membrane structure. 
Fig. 6.10 shows the sorption curves of PI/POSS flat-sheet membranes with different POSS 
loadings for water and ethanol. They both follow a non-Fickian sorption pattern where the 
sorption kinetics is governed by the solvent-membrane interaction following the Fickian 
sorption as well as by contributions from relaxation or swelling of the polymeric matrix. 
The non-Fickian sorption of membranes with significant swelling can be described by a 
relaxation model developed previously as follows [72, 76]:  
 opo∞ = 1-1-αs
'
t∑ (v_)∞vw& exp `-x
(v_)ty
z a -αsexp ` -y{|a (6.1) 
where Mt and M∞ are the sample weights at the time t and at the equilibrium, respectively; 
αR (0 to 1) is the relaxation constant, τR is the relaxation characteristic time, l is the 
membrane thickness and D is the diffusion coefficient. The diffusion coefficient can be 
obtained by measuring the slope by plotting ln(1-Mt/M∞) vs. t from the one-term 
approximation of Eq. 6.1 at a sufficiently long time [75, 77]: 










Figure  6.10 Vapor sorption curves of PI/POSS dense membranes for A) water and B) 
ethanol vapor saturated at 45 oC 
 
Table 6.4 summarizes both diffusion coefficients of water and ethanol through PI/POSS 
membranes. Consistent with the previous hypothesis, the incorporation of a small amount 
of POSS into the polymer matrix facilitates diffusion coefficient. Both diffusion 
coefficients reach their highest values at 2 wt% POSS, which is ascribed to the highest free 
volume size of the membrane as aforementioned in Section 6.2.4.3. Apparent diffusion 
selectivity of water to ethanol reveals that the membranes have higher affinity towards 
water than ethanol. Interestingly, the diffusion selectivity increases with an increase in 
POSS loading to 2.5 wt%. This is due to the fact that additional transport resistance is 
created if there is a large amount of POSS incorporated into the polymer matrix, as 
depicted in Fig. 6.8.  The penetrant molecules must take tortuous pathways to diffuse across 
the membrane. Since the molecular diameter of ethanol is larger than that of water (Table 
6.5), ethanol molecules take a longer time to diffuse around the bulky POSS cage than 





6.2.4.5  Ethanol dehydration performance of PI/POSS/Ultem® hollow fibers 
 
Fig. 6.11 shows the effects of POSS loading on pervaporation performance of the hollow 
fibers for ethanol dehydration at different temperatures. Interestingly, opposite to the 
common trade-off sense between separation factor vs. flux, the separation factor and flux 
show synchronously increase until reaching 2 wt% POSS. Once the highest flux is achieved 
at 2 wt% POSS loading, the separation factor continuously increases with increasing POSS 
loading. A similar trend is observed for the operation at three different temperatures (45, 60 
and 75 oC). These performance results correspond very well with the PALS, XRD and 
vapor sorption data discussed in the previous sections. The maximum permeation flux is 
achieved at 2 wt% POSS loading mainly because of the enhanced free volume size. A 
higher amount of POSS particles does not lead to a higher flux because of the higher 
transport resistance and intermolecular interactions between the matrix and the POSS 
nanoparticles.  
 
The results in Fig. 6.11 also indicate that the flux increases while the separation factor 
decreases with feed temperature. The effects of feed temperature on pervaporation 
performance have been well studied [4, 78-79] and can be summarized as follows: (1) an 
elevated temperature leads to a remarkable increase in driving forces by rapidly enhancing 
saturated vapor pressure of permeating molecules; (2) an increase in temperature results in 
higher thermal motions of polymer chains, more accessible free volume in the polymer 
matrix and enhanced diffusion coefficients of the permeating molecules. These two factors 
lead to the higher flux as observed in Fig. 6.11 while the second factor causes lower 






Figure  6.11 Effect of POSS loading on membrane performance for ethanol dehydration 
from a 85 wt.% aqueous ethanol solution at different temperatures. Spinning conditions: 
bore fluid flow rate: 2 ml/min; air gap: 3 cm; take-up speed: 15 m/min; inner dope 
concentration: 23.7 wt%; inner dope flow rate: 2 ml/min; outer dope flow rate: 0.3 ml/min 
 
6.2.5  Comparison in pervaporation performance between PI/POSS/Ultem® fibers with 
other hollow fiber membranes 
 
Table 6.1 summarizes and benchmarks the ethanol dehydration performance of hollow fiber 
membranes studied in this work with other hollow fiber membranes under similar operation 
conditions, while Fig. 6.12 graphically draws their performance data. Compared to other 
hollow fiber membranes, the dual-layer hollow fiber membranes in this study exhibit 
impressive fluxes and comparable separation factors. The excellent fluxes are due to the 
following factors: (1) the polyimide 6FDA-NDA/DABA used as the outer layer has a high 
free volume or d-space; (2) Ultem® used as the inner layer possesses a high resistance 
again water-induced swelling (water sorption of the Ultem® dense membrane is only 0.045 
g/g membrane after immersed in water at 60oC for 3 weeks); (3) the hollow fiber 
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incorporation of POSS particles increases free volume size. In contrast, the good separation 
factors are ascribed to (1) high water-permeability of the polyimide 6FDA-NDA/DABA, (2) 
good swelling resistance of the supporting layer, (3) macrovoid-free structure of the 
selective layer and (4) molecular-level interaction between POSS particles and the 
polyimide matrix. Summarily, the PI/POSS/Ultem® dual-layer hollow fiber membrane 
with 2 wt% POSS loading exhibits a high permeation flux of 1.9 kg/m2h and a good 
separation factor of 166, far surpassing most other polymeric hollow fiber membranes for 
ethanol dehydration. 
 
Figure  6.12 Graphical representation of hollow fiber membrane performance data for 






































6.3 Conclusion  
 
In this study, the dual-layer hollow fibers made of PI/POSS/Ultem® were fabricated and 
studied for pervaporation hydration of ethanol. The newly developed hollow fiber 
membranes consists of (1) a macrovoid-free mixed matrix PI/POSS outer layer with an 
ultrathin dense selective skin, (2) a cellular Ultem® supporting layer full of finger-like 
macrovoids, and (3) a delamination-free interface between the inner and outer layers. The 
following conclusions can be drawn based on this work: 
 
(1) The ethanol dehydration performance of PI/POSS/Ultem® dual-layer hollow fibers is 
improved by simultaneously decreasing substructure and dense layer resistance while 
ensuring a macrovoid-free selective layer with a high chain packing via using lower 
dope flow rates and optimizing inner dope concentration. Doppler broadening energy 
spectra (DBES) are proved to be an effective tool for the profound understanding of 
asymmetric multilayer structure of hollow fibers via examining the evolution of R 
parameter with incident positron energy. 
(2) Incorporating a suitable POSS amount (2 wt%) into the selective layer increases its free 
volume size and diffusion selectivity and hence results in a simultaneous enhancement 
in both total flux and separation factor for the resultant hollow fibers. The diffusion 
mechanism of permeate molecules through polymer chains containing POSS 
nanoparticles has been proposed to elucidate the effects of POSS incorporation such as 
the disruption of inherent chain packing of stiff polyimide chains, space occupation, 
chain motion restriction and diffusion path enhancement.  FTIR spectra, XRD curves, 





(3) Compared to other polymeric hollow fibers, the hollow fibers in this study exhibit 
impressive fluxes and comparable separation factors, which are contributed by the 
preeminent properties of polymeric materials constituting the inner and outer layers, 
desirable multilayer structure of the hollow fibers achieved by controlling spinning 
conditions, and increased diffusivity by the incorporation of POSS nanoparticles into 
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7 CHAPTER SEVEN 
HIGH-PERFORMANCE SULFONATED 
POLYIMIDE/POLYIMIDE/POLYHEDRAL OLIOSILSESQUIONAXE HYBRID 
MEMBRANES FOR ETHANOL DEHYDRATION APPLICATIONS 
 
7.1 Introduction  
 
Material synthesis and modification for better separation performance are two main routes 
to overcome the limitations of commercial materials for membrane-based separations. 
Compared to synthesizing wholly new materials, modifying existing materials is a more 
preferable way due to its simplicity, low risk and cost. For dehydration applications, 
sulfonation has been proved as an effective membrane modification technique because it 
improves the hydrophilicity of membrane materials via attaching polar sulfonic groups on 
polymer chains. Many sulfonated polymers made of commercial materials such as 
polyethersulfone, poly(phenylene oxide) and polybenzimidazole have been studied for 
pervaporation dehydration applications [1-3]. However, directly utilizing sulfonated 
polymers as a starting material for the fabrication of pervaporation membranes leads to 
some drawbacks. 
 
Most sulfonated polymers typically have uncontrolled and different degrees of sulfonation 
among batch-to-batch syntheses due to the difficulties in regulating the sulfonation reaction. 
Their mechanical strength also decreases when comparing with the original polymer 
because side reactions may occur and result in chain scission. As a consequence, there are 





low-cost approach to overcome this drawback is to blend the sulfonated polymer with its 
original polymer [2, 4-5]. By this way, the degree of sulfonation for the blend can be 
tailored by adjusting the ratio of individual polymers and the mechanical properties would 
be improved due to the presence of the high-molecular-weight unsulfonated polymer. 
Moreover, since a sulfonated polymer and its original polymer have a relatively similar 
chemical structure, membranes with good miscibility and desirable morphology may be 
achievable. Currently, scientists have also studied another strategy to solve the deficiencies 
of the post-sulfonation method by direct co-polymerization of sulfonated and non-
sulfonated monomers [6-9]. However, the co-polymerization approach is costly and 
complicated unless the specially designed sulfonated monomers are commercially available.  
 
Another drawback of sulfonated polymers is the double-edged property of sulfonic groups. 
On the one hand, sulfonic groups increase membrane hydrophilicity and provide water 
transport sites across the membrane, resulting in an increase in both water solubility and 
diffusivity and hence achieving high-flux dehydration performance. On the other hand, the 
high hydrophilicity of sulfonic groups easily induces membrane swelling, leading to a 
compromised separation factor and problematic performance stability. Thus, restriction of 
excessive swelling is the challenge of using sulfonated polymers. Many techniques have 
been proposed to mitigate the swelling such as cross-linking [10], filling with nanoparticles 
[11-12], blending with other polymers [13-16], and forming semi-interpenetrating polymer 
networks [17-19]. 
 
In this work, we aim to develop and subsequently modify a novel miscible polymer blend 





propanedimide 6FDA-NDA/DABA and its sulfonated polyimide as the outer layer of dual-
layer hollow fiber membranes for ethanol dehydration via pervaporation. The 6FDA-
NDA/DABA polyimide was chosen because it is not only a water perm-selective material 
but also possesses good mechanical properties and high thermal stability [20]. Sulfonated 
polyimide has been broadly used for fuel cell applications [21] because this class of 
polymers owns synergistic properties of polyimide backbones (good solvent resistance and 
dimensional stability [22]) and pendant sulfonic groups (high proton conductivity and high 
affinity towards water [23-25]). Surprisingly, no studies on sulfonated polyimide have been 
carried out for pervaporation applications although all aforementioned membrane 
properties, except high proton conductivity, are desirable for a pervaporation membrane.  
 
Therefore, the purposes of this work are to: (1) synthesize a novel sulfonated polyimide and 
explore if it is a potential candidate for pervaporation membranes; (2) fundamentally 
understand the science of the newly developed polyimide/sulfonated polyimide blend; and 
(3) investigate and compare swelling resistance of the polyimide/sulfonated polyimide 
membranes with and without the aid of various post modifications such as thermal 
treatment, PDMS coating and POSS modification. The thermal treatment is employed to 
densify the membrane structure and mitigate membrane swelling [1, 20, 22], while the 
PDMS coating is to seal minor defects on the selective layer surface because it has shown 
effectiveness for gas-separation membranes [26-29] and thin-film composite (TFC) 
membranes [30-33]. However, to our best knowledge, there are no studies on the use of 
PDMS shielding layer to protect sulfonic groups from direct attack of liquid water 
molecules. Polyhedral oligosilsesquioxane (POSS) is a type of hybrid nanoparticles, which 





apices. This unique structural feature renders POSS to be a versatile filler in the polymer 
matrix for improving thermo-mechanical properties, chemical resistance and separation 
performance [11, 34-40]. In this study, disilanolisobutyl POSS nanoparticles containing 
two hydroxyl groups are chosen as a hybrid agent. Not only may rigid POSS provide the 
anti-swelling property for the selective layer, but also bridge its hydroxyl groups with the 
organic groups of the sulfonated polyimide to enhance resistance against chain swelling 
during pervaporation. The changes in free volume, membrane morphology and 
pervaporation performance of the modified membranes will be investigated in-depth. Since 
this is the first time that a novel sulfonated polyimide is developed and modified for 
pervaporation dehydration, this study may provide useful insights for the exploration of 
new materials and post modifications for biofuel separations. 
 
7.2 Results and discussion  
7.2.1 Sulfonated polyimide 
 
To increase hydrophilicity of the polyimide 6FDA/NDA/DABA, its post-sulfonation was 
carried out. The sulfonated polyimide has IEC and DS values of 0.35 mequiv/g and 20.4 
wt%, respectively, measured by the titration method. Table 7.1 displays the element 
changes from the PI to the SPI determined by XPS. More oxygen and sulfur content are 
detected in the SPI polymer and hence confirming the attachment of sulfonic group (-SO3H) 
to the polymer backbone. The DS value of the SPI polymer calculated from XPS data is 






Fig. 7.1 compares the FTIR spectra of the PI and SPI membranes. New peaks of S=O and 
C-S stretching vibrations are observed in the SPI at 1033 cm-1 and 613 cm-1, respectively 
[1-2,14]. In addition, a broad peak of O-H at about 3400 cm-1 [14] appears for the SPI. 
Although the original polyimide has carboxylic groups, the peak of O-H is absent in its 
FTIR curve possibly due to the low content of carboxylic groups in the polymer. Adding 
sulfonic groups into the polymer chains increases the intensity of the O-H peak and makes 
it visible in the FTIR curve of the sulfonated polyimide.  
 
Table  7.1 Comparison on weight percentages of various elements in the PI and SPI 
polymers measured by XPS 
 PI SPI 
Theoretical calculation XPS 
DS (wt%) from titration – – 20.4 
IEC (mequiv/g) – – 0.35 
C (wt%) 81.3 80.3 77.2 
O (wt%) 15.9 16.3 17.8 
S (wt%) 0 0 1.7 
H (wt%) 2.8 3.4 2.6 
DS (wt%) from XPS  – – 24.1 
 
The thermal stabilities of the PI and SPI polymers were determined by TGA and their 
degradation curves are shown in Fig. 7.2. Both PI and SPI polymers have a similar TGA 
pattern. Before reaching their degradation temperatures of about 500 oC, there is a weight 
loss stage at 200 – 380 oC, which is attributed to the removal of carboxylic and sulfonic 





the additional cleavage of sulfonic groups, which validates the existence of sulfonic groups 
in the sulfonated polymer. 
 
Figure  7.1 FITR curves of the original PI, SPI membranes and the SPI membrane modified 
with POSS 
 





7.2.2  Polyimide/sulfonate polyimide blend membranes 
 
PI/SPI blends with different content of SPI from 0 to 4.5 wt% were prepared as the outer 
layer of hollow fiber membranes for ethanol dehydration. Since the glass transition 
temperature (Tg) of most 6FDA-based polyimides is > 300 ºC [41-42] which is larger than 
the degradation temperatures of carboxylic groups and sulfonic groups in the PI and SPI 
(200 – 380 oC), their miscibility was therefore examined by optical inspection of their 
mimic flat-sheet dense membranes using PLM. As seen from Fig. 7.3, they are fully 
transparent, indicating homogeneous blends because the sulfonated polyimide could 
completely dissolve in its original polyimide. A high degree of miscibility is critical for 
high, stable and reproducible performance. Otherwise, an immiscible blend may cause 
over-swelling at the phase of sulfonated polymers during operation due to the high affinity 
of sulfonic groups towards water. In this study, all PI/SPI blend membranes show highly 
miscible, which are desirable for a good selective layer of pervaporation membranes.  
 






Table 7.2 summarizes the pervaporation performance of PI/SPI/Ultem® hollow fiber 
membranes prepared from different SPI amounts for ethanol dehydration. With an increase 
in SPI amount from 0 to 4.5 wt%, the total flux is improved significantly from 1.2 to 3.8 
kg/m2h. However, the permeate water concentration is unexpectedly sacrificed. The 
increment in flux may be attributed to: (1) increased hydrophilicity of the selective layer 
owing to the polarity of sulfonic groups; (2) facile water transport by jumping from one –
SO3H polar site to another [43]; and (3) loosen polymer structure due to the disruption in 
chain packing by adding a small amount of SPI. Meanwhile, the decline in permeate water 
amount is possibly because of minor defects created by swelling-induced chain expansion 
at the outer surface of membranes when contacting with the feed. 
 
Table  7.2 Effect of SPI amount on performance of the PI/SPI/Ultem hollow fibers for 
ethanol dehydration via pervaporation 






0 95.1 1.2 110.0 
1.5 93.4 2.1 80.2 
3 90.7 3.2 55.0 
4.5 79.0 3.8 21.3 
 
To validate the above hypotheses on polymer structure, hydrophilicity and swelling of the 
selective layer; XRD characterizations, water contact angle measurements and sorption 
tests were carried out. Fig. 7.4 shows the XRD spectra of flat-sheet dense PI/SPI 
membranes with various SPI amounts.  All the membranes have two peaks located at 





amount of sulfonated polymers virtually does not change the position of the large peak (d-
space 1) but shifts the small peak (d-space 2) to lower Bragg angles, corresponding to 
larger d-space values which are summarized in Table 7.3. This is possibly because the 
introduction of the SPI polymer with bulky pendant sulfonic groups may swell up the rigid 
PI polymer chains and enlarges the d-space. This phenomenon is consistent with previous 
studies on polymer blends [44-45].  
 
 
Figure  7.4 XRD curves and d-space values of PI/SPI membranes with different SPI 
amounts 
 
The change in hydrophilicity of PI/SPI blend membranes was verified via their water 





of the neat PI membrane surface is larger than 90o, which implies the slight hydrophobicity 
of the membrane. This may be ascribed to the large content of hydrophobic groups such as 
–CF3 and naphthalene structure in its formula. Consequently, the membrane has higher 
affinity towards ethanol than water, which is confirmed by the fact that the ethanol sorption 
of the membrane is higher than its water sorption (Table 7.3). The addition of SPI polymers 
changes the surface property of the membrane from hydrophobicity to hydrophilicity. The 
PI/SPI membrane with 4.5 wt% SPI has a water contact angle of less than 90 o. As a result, 
the membrane has a much higher water sorption of 17.7 wt% as compared to the neat PI 
membrane (2.8 wt%). Unexpectedly, the ethanol sorption of the blend membranes also 
increases with an increase in SPI content. This may arise from the increased interstitial 
space of the polymer chains (d-space value). However, the increment in water sorption is 
significantly higher than the increase in ethanol sorption, which suggests a higher solubility 
selectivity of water/ethanol for the blend membranes. 
 
Table  7.3 Effects of SPI amount on contact angle, d-space and solvent uptake of dense 













0 104.2±1.2 5.78 3.46 2.8 13.2 
1.5 96.6±0.8 5.78 3.52 5.5 14.1 
3 91.7±1.0 5.78 3.55 11.1 15.6 
4.5 87.7±0.8 5.78 3.59 17.7 17.2 
 
Based on the solution–diffusion mechanism, the flux of components in the feed depends on 





selectivity between two components is a product of their solubility selectivity and diffusion 
selectivity. The high flux for the blend membranes is ascribed to the increases in both 
sorption and diffusion because of their larger interstitial space and higher hydrophilicity. 
Although the blend membranes have a higher solubility selectivity, their overall selectivity 
is lower due to the double-edged property of polar -SO3H groups. These extremely 
hydrophilic groups may cause the loss in membrane integrity when facing the aqueous feed 
and induce minor defects which deteriorate both inherent solubility selectivity and diffusion 
selectivity. 
7.2.3  Membranes with various post modification methods 
 
To overcome the swelling issue and increase the selectivity for the PI/SPI blend selective 
layer, further investigations on various post modification methods were conducted for the 
hollow fiber with the SPI amount of 3.0 wt%. 
7.2.3.1  Thermal treatment 
 
Thermal treatment is a simple and effective post treatment method to improve the stability 
as well as selectivity of membranes. This is due to the fact that annealing at high 
temperatures accelerates the thermal motion of polymer chains, which facilitate chain 
relaxation and rearrangement towards a dense and closer packing. As a result, the minor 
defects in the pristine membrane could be repaired and the annealed membrane may have a 
smaller d-space and a higher transport resistance [1, 20, 22, 44, 46].  In this study, the fiber 
was annealed at 120 oC in a vacuum oven for 2 h [46] and its corresponding performance is 





to that of the pristine fiber whereas its selectivity shows an increasing value. To validate the 
impact of thermal treatment on selective layer structure of the fiber, XRD characterizations 
were conducted for the mimic flat-sheet 3 wt% SPI membranes with and without thermal 
treatment and their curves are shown in Fig. 7.5. Compared to the pristine membrane, the 
two diffraction peaks of the thermally treated membrane shift to higher Bragg angles, in 
particular from 15.3 o to 15.7 o and from 25.1 o to 25.5 o. This implies lower d-space values 
or a denser structure of the thermally treated membrane. As a consequence, the 
corresponding fiber owns a lower flux but a higher separation factor. 
 
Figure  7.5 XRD curves and d-space values of the original PI/SPI membrane and the 






Table  7.4 Ethanol dehydration performance of the pristine PI/SPI*/Ultem hollow fiber and 
the thermally treated fiber 






Pristine 90.7 3.2 55.0 
Thermal treatment** 95.8 2.6 130 
*the SPI amount in the selective layer is 3 wt% 
**annealed at 120 oC in a vacuum oven for 2 h 
 
7.2.3.2  PDMS coating 
 
The defective selective layer can be solved by coating the membrane with a thin layer of a 
relatively permeable material such as silicone rubber as illustrated in Fig. 7.6 [26-29]. The 
silicone layer is typical much more permeable than the selective layer and hence does not 
perform as a selective barrier but rather seals defects. Additionally, this coating layer 
prevents hydrophilic sulfonic groups from direct contact with the liquid feed. This may 
mitigate excessive swelling of the selective layer surface and alleviate extra defect 
formation during operation. The ethanol dehydration performance of the PDMS coated 
fibers is tabulated in Table 7.5 as a function of coating duration. As expected, the 
separation factor of the resultant fibers is doubled from 55 to about 104. Despite the high 
permeability of the PDMS layer, this layer obviously displays transport resistance at a 
certain extent, which is manifested by the flux decrease of the coated fibers.  The flux of 
the fiber coated with PDMS in 3 min declines from 3.2 to 2.7 kg/m2h. A performance 
comparison of fibers coated with PDMS in 3 min and 6 min shows that a coating duration 





increase in coating duration does not improve separation factor but augments transport 
resistance and decreases flux to a greater extent. The thickness of the coating layer was 
determined by DBES PAS experiments which will be discussed later. 
 
Figure  7.6 A) SEM morphology and B) Schematic image of the PDMS coated 
PI/SPI/Ultem® hollow fiber 
 
Table  7.5 Ethanol dehydration performance of the PDMS coated PI/SPI*/Ultem hollow 
fibers with different coating durations 
Duration (min) Permeate water 
(wt%) 
Flux (kg/m2h) Separation factor 
(H2O/EtOH) 
0 90.7 3.2 55.0 
3 94.8 2.7 104 
6 94.5 2.4 98 
*the SPI amount in the selective layer is 3 wt% 
 
 
7.2.3.3  POSS modification 
 
To improve the anti-swelling property of the top outer surface of PI/SPI/Ultem® hollow 
fibers, POSS nano-sized inorganic particles were incorporated into the outer surface by 
immersing the fibers into a POSS/ethanol solution. The ethanol swells up the top surface to 





treatment at 100 oC was subsequently conducted for 12 h to close up the trapped POSS 
particles inside the membrane matrix and initiate the esterification reaction between 
hydroxyl groups of POSS with carboxylic groups or sulfonic groups of the selective layer. 
The esterification reaction is verified by the FTIR curves as illuminated in Fig. 7.1. 
Compared to the spectrum of the original fiber, the broad peak of the O-H group in the 
spectrum of the POSS modified fiber at 3400 cm-1 disappears. This indicates a probability 
of esterification reaction which reduces the intensity of the O-H peak. Unfortunately, the 
formed C-O ether group by the esterification reaction cannot be distinguished because its 
stretch bands at around 1000-1300 cm-1 [47-49] are overlapped with the characteristic 
peaks of the naphthalene structure.  
 
The ethanol dehydration performance of the POSS modified fiber is tabulated in Table 7.6. 
It can be seen that the separation factor of the POSS modified fiber is significantly 
improved from 55 to 237 while its flux drops from 3.2 kg/m2h to 2.0 kg/m2h. The 
remarkable increase in separation factor may be attributed to: (1) inherent anti-swelling 
property of POSS inorganic nanoparticles; (2) reduced mobility of polymer chains owning 
to the formation of covalent bonds with POSS; and (4) narrowed intersegmental distance 
due to thermal treatment and space occupancy of POSS. XRD analyses were employed to 
validate the change in d-pace of the POSS modified membrane. The XRD curves in Fig. 
7.5 show that both its d-space values decrease as compared to those of the original 
membrane, in particular from 5.78 Ǻ to 5.56 Ǻ and 3.55 Ǻ to 3.42 Ǻ, respectively for the 
large and the small d-spaces. This observation is apparently contradictory to the spaghetti-





d-space of polymer chains. This may be ascribed to the additional thermal treatment which 
may facilitate polymer chains closely around POSS and lose the spaghetti-meatball effect.  
 
Table  7.6 Ethanol dehydration performance of the PI/SPI*/Ultem hollow fiber modified 
with POSS 






Pristine 90.7 3.2 55 
Thermal treatment at 100 oC, 12h 96.1 2.3 139 
POSS modification, then thermally 
treated at 100 oC, 12h  
97.6 2.0 237 
*the SPI amount in the selective layer is 3 wt% 
 
In addition, an unmodified fiber was thermally treated 100 oC in 12 h for comparison. As 
tabulated in Table 7.6, the separation factor of the resultant fiber is only half as compared to 
that of the POSS modified fiber. This result re-confirms the effect of the POSS 
modification on the PI/PSI fiber for ethanol dehydration. 
7.2.3.4  Comparison among the post-modified PI/PSI/Ultem® hollow fibers and with 
other polymeric membranes 
 
Table 7.7 compares the ethanol dehydration performance between the pristine 
PI/SPI/Ultem® hollow fiber and the modified fibers as well as benchmarks these newly 
developed membranes against other membranes for ethanol dehydration. The separation 
factors of the newly developed fibers are in the order of pristine < PDMS coating < 
thermally treatment < POSS modification. Interestingly, this order follows exactly the order 





opposite order. To validate the change in the selective layer structure, DBES PAS 
experiments were carried out on these hollow fibers. Fig. 7.7 shows the evolution of R 
parameter as a function of incident positron energy (or penetration depth) for the pristine 
fiber and the modified fibers. The large R value near the outer layer surface is probably due 
to back diffusion of positroniums [33, 50-51]. With the increase in the positron incident 
energy to about 1.5∼2 keV, the R parameter quickly drops to a minimum value and then 
reaches a valley plateau which is identified as the dense skin layer. After that, the R 
parameter increases gradually with an increase in incident positron energy, which indicates 
a progressive transition from a dense layer to a porous sub-layer.  
 







Table  7.7 A comparison of pervaporation performance of various membranes for ethanol 
dehydration 










Inorganic membranes:      
ECN silica 90 70 2.33 60 [52] 
Mitsui zeolite A 90 70 1.12 18,000 [52] 
Mitsui zeolite A 90 70 0.91 1000 [52] 
Zeolite X 90 75 0.89 360 [53] 
Mixed matrix membranes:      
Hybsi® 95 70 1.70 139 [54] 
PVA-KA zeolite mixed matrix 80 80 0.38 996 [55] 
PVA-4A zeolite mixed matrix 80 80 1.50 530 [56] 
Polymeric membranes:       
P84 asymmetric membrane 85 60 0.40 1486 [57] 
PVA composite membrane 90 60 0.14 170 [58] 
PERVAP® 2201 90 60 0.1 100 [59] 
Matrimid® hollow fiber 85 45 0.16 130 [60] 
Coated chitosan/cellulose acetate hollow fiber 90 25 0.23 23 [61] 
Coated poly(viny lalcohol)/polysulfone hollow fiber 95 50 0.03 185 [62] 
Grafted poly(acrylic acid)/polypropylene hollow 
fiber 
70 24 0.20 11 [63] 
Polyimide/Ultem® hollow fiber 85 60 0.49 124 [64] 
Torlon® - 4000T/Ultem® hollow fiber 85 60 0.66 50 [65] 
Cellulose triacetate/Ultem® hollow fiber 85 50 1.28 466 [46] 
Present study:      
PI/SPI/Ultem® (3 wt% SPI) 85 60 3.20 55 This study 
PI/SPI/Ultem® (4.5 wt% SPI) 85 60 3.80 21 This study 
PI/SPI/Ultem® (3 wt% SPI) – thermal treatment 85 60 2.60 130 This study 
PI/SPI/Ultem® (3 wt% SPI) – PDMS coating 85 60 2.70 104 This study 






Besides the interpretation in morphological evolution, two other important information of 
the selective layer can be obtained from DBES curves. The first one is the thickness of the 
dense skin layer, which is identified from the plateau width of R parameters. The second 
one is the packing of polymer chains in the dense skin layer which is correlated to the 
minimum value of R parameters. The lower the minimum R value, the more closely packed 
the polymer chains. By comparing the four curves, it can be observed that the pristine fiber 
and the fibers with three different post-treatments have a similar dense skin layer thickness 
of about 860 nm. However, the degrees of chain packing or free volumes in their layers are 
different. The enlarged figure between 0 and 10 keV on the left of Fig. 7.7 shows that the 
minimum R values of all fibers are in the order of pristine ≈ PDMS coating > thermal 
treatment > POSS modification. This observation is consistent well with their d-space 
values obtained from XRD curves. It is noteworthy that the selective skin layer of the fiber 
coated with PDMS is similarly dense to that of the pristine fiber, implying that PDMS 
coating merely provides a protection layer on the membrane surface without changing the 
inherent properties of the selective layer. The thickness of the coating layer can be 
determined from its DBES curves and it is about 72 nm.  
 
A performance comparison of all hollow fibers in the present study was done with various 
pervaporation membranes available in literature which consist of inorganic membranes, 
mixed matrix membranes and polymeric membranes. Based on the summarized data in 
both Table 7.7 and Fig. 7.8, the newly developed dual-layer hollow fibers show 





The high performance of the post-modified PI/SPI/Ultem® hollow fibers reveals their 
potential in a highly competitive market for industrial biofuel separation applications. 
 
Figure  7.8 Graphical representation of the membranes’ performance in ethanol dehydration 




In this study, the polyimide 6FDA-NDA/DABA was sulfonated and the science of the 
newly developed polyimide/sulfonated polyimide blend was explored. The swelling 
resistance of the blend membranes with and without the aid of various post modifications 
such as thermal treatment, PDMS coating and POSS modification was investigated in-






























(4) The PI/SPI blends with the SPI amount of 1.5 – 4.5 wt% hold high degrees of 
miscibility due to the complete dissolution of SPI in PI, which was verified by PLM 
images. Compared to the neat PI, the blends have increased hydrophilicity and a loosen 
polymer structure, which were validated by contact angle measurements, sorption tests 
and XRD curves. As a consequence, the blend membranes possess superior fluxes but 
sacrificed separation factors for ethanol dehydration. 
(5) All three post modifications; namely, thermal treatment, PDMS coating and POSS 
modification, were proven to enhance swelling resistance of the selective layer via 
narrowing intersegmental distance, reducing chain mobility or sealing defects. XRD 
curves and the advanced PAS characterization have confirmed our hypotheses 
(6) The separation factors of the newly developed fibers are in the order of pristine < 
PDMS coating < thermally treatment < POSS modification while the fluxes are in the 
opposite order. This observed tendency is governed by the change in d-space of their 
mimic flat-sheet membranes or in degree of chain packing in their selective layers. 
Compared to other membranes in literature, the newly developed hollow fibers in this 
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8 CHAPTER EIGHT 
CONCLUSION 
 
The development of novel pervaporation membranes with desirable morphology and 
separation performance for ethanol-water separations is a critical step to apply 
pervaporation process into biofuel purification. Therefore, in this study, a comprehensive 
investigation on synthesis and/or fabrication of newly developed membranes for ethanol 
recovery and hydration was conducted. Mass transport mechanism and effects of operating 
conditions on pervaporation process were explored. In order to further enhance the 
separation performance, membrane modifications and membrane configuration design were 
investigated. Based on above studies, the following conclusions can be drawn. 
 
1) A novel molecular-level Pebax/POSS mixed matrix membrane (MMM) was developed 
for ethanol recovery. It was found that incorporating 2wt% POSS particles into the Pebax 
polymer produced a simultaneous enhancement in both total flux and separation factor. The 
enhancement may be attributed to the molecular-level dispersion of the particles in the 
polymer matrix, which was verified by SEM images, FTIR spectra and DSC 
characterizations. The basic transport properties of these membranes and their effects on 
separation performance under different feed ethanol concentrations and operation 
temperatures were examined. The results indicated that as for the evaluation of intrinsic 
properties of a specific permeant-membrane system, permeability and selectivity were more 
representative and accurate than total flux and separation factor since they significantly 





driving force of the transport across the membrane, the formation of permeant clusters and 
the change in membrane behaviour may affect the permeation of water/ethanol and hence 
their separation performance. This study is the first to develop molecular-level mixed 
matrix membranes for ethanol recovery via pervaporation. It may provide useful database 
for the fabrication of POSS-containing MMMs. Owing to the molecular-level dispersion of 
the particles in the polymer matrix, the resultant membranes overcome the trade-off 
problem between permeation flux and separation factor of pervaporation membranes in 
previous studies. Another key contribution of the study is that it may offer a more 
comprehensive explanation for the observed change in separation performance under 
different operation conditions through considering their effects on membrane intrinsic 
property and external driving force separately. 
 
2) A novel polyimide, copoly(1,5- naphthalene/3,5-benzoic acid-2,2'-bis(3,4-
dicarboxyphenyl) hexafluoropropanedimide (6FDA-NDA/DABA) was synthesized and 
modified by three different cross-linking methods including thermal, diamino and diol 
cross-linking modifications for ethanol dehydration. It was observed that the separation 
factors of the cross-linked membranes were in the order of: thermally treated diamino 
cross-linked membrane > thermally cross-linked membrane > diol cross-linked membrane, 
exactly following the order of the d-space of the cross-linked polyimide membranes; and 
the fluxes were in the opposite order. Besides the effect of the d-space change, the 
membrane hydrophilicity and the formation of CTCs are also important factors for the 
resultant membrane performance. Compared to other polymeric membranes in the literature, 
the membranes in this study exhibit impressive fluxes and comparable separation factors. 





the polyimide synthesis and effective cross-linking modifications of the resultant polyimide. 
The experimental results also showed that these membranes possess a relatively high 
tensile strength and modulus to ensure a good processability. This work may provide a 
useful roadmap for monomer selection and synthesis of polyimide materials for ethanol 
dehydration. A holistic comparison among various cross-linking approaches for polyimide 
membranes is reported for the first time. This study may add invaluable insights for future 
work on next-generation pervaporation membranes. 
 
3) In order to further improve separation performance of 6FDA-NDA/DABA membranes, a 
dual-layer hollow fiber membrane consisting of (6FDA-NDA/DABA) (PI)/POSS as the 
outer functional layer and Ultem® as the inner support layer was developed for ethanol 
hydration via pervaporation. It was found that the ethanol dehydration performance of the 
resultant dual-layer hollow fibers was enhanced by simultaneously decreasing substructure 
and dense layer resistance while ensuring a macrovoid-free selective layer with a high 
chain packing via using lower dope flow rates and optimizing inner dope concentration. 
Doppler broadening energy spectra (DBES) were proved to be an effective tool for the 
profound understanding of asymmetric multilayer structure of hollow fibers via examining 
the evolution of R parameter with incident positron energy. It was also shown that adding a 
suitable POSS amount (2 wt%) into the selective layer resulted in a simultaneous 
enhancement in both total flux and separation factor for the resultant hollow fibers. This 
may be attributed to the increase in free volume size and diffusion selectivity of the 
selective layer caused by the existence of POSS particles in the polymer matrix. Compared 
to other polymeric hollow fibers, the hollow fibers in this study displayed an excellent 





constituting the inner and outer layers; desirable multilayer structure of the hollow fibers 
achieved by controlling spinning conditions, and increased diffusivity by the incorporation 
of POSS nanoparticles into the selective layer. This work is the first to propose the 
diffusion mechanism of permeate molecules through polymer chains containing POSS 
nanoparticles. It also takes a major step towards development of superior-performance 
pervaporation membranes with an ultra-thin functional selective layer for ethanol 
dehydration.  
 
4) A miscible polymer blend of polyimide 6FDA-NDA/DABA (PI) and its sulfonated 
polyimide (SPI) was investigated as a water-selective layer to develop dual-layer hollow 
fiber membranes for ethanol dehydration. It was found that the polyimide and sulfonated 
polyimide formed a homogenous blend, which was verified by PLM images. This may be 
ascribed to their high compatibility since they have a similar chemical structure. The results 
also indicated the dual-layer hollow fibers consisting of the PI/SPI blend as the outer layer 
had an excellent flux because of increased hydrophilicity and enlarged d-space. However, 
enhanced hydrophilicity also lead to membrane swelling which deteriorated the selectivity 
of the fibers. Therefore, three post-treatment methods, namely: thermal treatment, silicone 
coating and POSS modification, were investigated to eliminate this side-effect. The results 
suggest that thermal treatment can densify the membrane structure; silicone coating seals 
the defects on the outer surface and restricts the direct contact between sulfonate groups 
with the feed; while POSS modification creates the bridges among polymer chains to limit 
their extension during operation. These were verified by XRD, FTIR and PALS 
characterizations. As a result, the membrane swelling was restricted and hence the 





promising material (sulfonated polyimide) for ethanol dehydration. Also, it may provide 
invaluable insights on effective post-treatment approaches for hollow fiber membranes in 
the application of pervaporation dehydration. 
 
With the growing interest in development of new technologies for biofuel purification, this 
study has demonstrated the potential of membrane pervaporation process in this kind of 
application. However, there are several limitations in this thesis. Firstly, only the main 
biofuel, i.e. ethanol, was investigated while others such as butanol, isopropanol were not 
explored. It should be noted that this is not critical issue since among these aqueous biofuel 
mixtures, ethanol-water separation is the most challenging due to the smallest difference in 
kinetic diameter between water and ethanol. It implies that the membranes possessing a 
good separation characteristic for ethanol-water mixtures should have similar or better 
separation efficiency for other aqueous biofuel mixtures. The second limitation is that this 
study focused on pervaporation separation of model binary ethanol-water mixtures while 
the separation of real fermentation broths containing ethanol, water and minor amount of 
other by-products was ignored. It is understood that by-products in fermentation broths 
such as organic acids and esters have a significant effect on separation performance. 
However, these components should not be involved in the early stage of membrane design 
since they may cause unnecessary experimental burden or neglect the main separation of 
ethanol and water. The third limitation is that the separation factors of the pervaporation 
membranes studied in this thesis were approximately 200 for ethanol dehydration, which is 
lower than those for isopropanol dehydration in the literature. However, these separation 





the permeate side of the hydration unit in the real purification system to recycle aqueous 
ethanol solutions (20-40 wt%) back to the distillation column or dephlegmator. 
 
There are several interesting directions for future work related to the development of 
membrane materials with potentially high separation properties and the innovation of 
membrane fabrication technology. 
 
1) A direct extension of this work is to explore membrane separation performance with real 
fermentation broths. A further investigation on effects of by-products (acids, esters, ketones, 
etc) in fermentation broths and effects of actual fermentation environments (pH, 
temperature) is recommended. In addition, there is a need to examine the long-term 
stability of these studied membranes under harsh environments. All these extensive studies 
are necessary to apply the technology to industrial practices [1].  
 
2) Since the dual-layer hollow fiber (6FDA-NDA/DABA)/Ultem has been demonstrated to 
have a good separation characteristic for ethanol dehydration, it would be interesting to 
verify whether this membrane still keeps the separation efficiency for the dehydration of 
other organic solvents such as acetic acid, phenol, ethylene glycol. These organic solvents 
are important raw materials in the petrochemical, pharmaceutical, plastic and pesticide 
industries. There are also common pollutants often found in wastewater streams from 
industrial refineries [2-4]. Therefore, it is worthwhile to investigate the separation of their 






3) Another possible avenue for future work is to develop Pebax-coated hollow fiber 
membranes for pervaporation recovery. Although Pebax/POSS MMMs showed a good 
separation factor for ethanol recovery, their flux was still too low for practical industries. 
To address this problem, the development of hollow fiber configuration with Pebax 
materials should be considered. However, since Pebax is a rubbery-like polymer, it is 
unlikely to fabricate a Pebax-based hollow fiber with good mechanical properties. 
Therefore, fabricating a hollow fiber made of another polymer material with good 
mechanical properties as a substrate and then coating the substrate with Pebax should be an 
interesting area for future research.  
 
In summary, this thesis has presented a systematic investigation on molecular design and 
fundamental understanding of newly developed pervaporation membranes for ethanol-
water separations. The study has demonstrated its significance in the area of membrane 
science and biofuel purification. The limitations of the thesis have been justified and some 
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CALCULATION FOR THE SOLUBILITY PARAMETER OF 6FDA-NDA/DABA 
(THE NDA/DABA RATIO OF 9:1) 
 
Solubility parameter is a parameter to characterize the nature and magnitude of the 
interaction force among molecules. The solubility parameter of a polymer can be calculated 
by applying additive rules to the structural components of the repeat unit of the 
macromolecule by the following equation [1, 2] 
 δ = }Σ~g,0/Σ0 (A.1) 
where δ is the solubility parameter (cal1/2cm-3/2 or MPa1/2) ; Ecoh,i is the cohesive energy 
(cal/mol); and Vi is the molar volume (cm3/mol).  
 
The chemical structure of 6FDA-NDA/DABA is shown in Fig. A.1 and the group 
contributions to Ecoh,i and Vi of the polymer are tabulated in Table A.1 and Table A.2 [1, 2].  
 






Table A.1 Group contributions to Ecoh,i and Vi of Polymer A 
Structural group Ecoh,i (cal/mol) Vi (cm3/mol) 
C O
 





2 × 7050 2 × (-7.7) 
 
2 × 7630 2 × 33.4 
C
 
1 × 350 1 × (-19.2) 
CF3  2 × 1020 2 × 57.5 
 
1 × 7630 1 × 33.4 
CH  3 × 1030 3 ×13.5 
C
 
1 × 1030 1 × (-5.5) 










Table A.2 Group contributions to Ecoh,i and Vi Polymer B 
Structural group Ecoh,i (cal/mol) Vi (cm3/mol) 
C O
 





2 × 7050 2 × (-7.7) 
 
2 × 7630 2 × 33.4 
C
 
1 × 350 1 × (-19.2) 
CF3  2 × 1020 2 × 57.5 
 
1 × 7630 1 × 33.4 
COOH  1 × 6600 1 × 28.5 
 Σ Ecoh,i = 54280 Σ Vi = 230.7 
Solubility parameter of Polymer A: δ* = Σ%Y,3Σ3 = 
'&&
Z. = 14.8	(m/mZ/) 
Solubility parameter of Polymer B: δ* = Σ%Y,3Σ3 = 
e'&
Z&. = 15.3	(m/mZ/) 
Solubility parameter of 6FDA-NDA/DABA (with the NDA/DABA ratio of 9:1): 
δ = 0.9δ* + 0.1δ = 15.3	(m/mZ/) = 30.4(//) 
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